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Abstract 
In this dissertation, pure and modified carbon dioxide were used as non-conventional solvents 
for the investigation of lutein, chlorophyll a, chlorophyll b extraction from microalgae and for 
caffeine extraction from the pyrolysis oil of spent coffee grounds. The use of toxic organic 
solvents in supercritical fluid extraction has propelled research efforts to develop new solvents 
that are environmentally friendly and provide faster extraction compared to conventional 
extraction processes. For this reason, phosphatidylethanolamine (PE), a major phospholipid 
consisting of 14% of the entire soybean lecithin was acetylated with acetic anhydride, 
providing a surfactant (N-A-PE). 
Then, the synthesized N-A-PE was employed as a co-solvent with CO2 for valorization of 
compounds from microalgae. Among all the solvent mixtures tested containing N-A-PE, a 
maximum oil yield of 52 wt. % was obtained when using 5% EtOH/95% CO2, N-A-PE:algae 
mass ratio of 0.6, 338 K, 40 MPa and 2 mL/min. Then, algae oil was transesterified with 
methanolic KOH to produce biodiesel. The biodiesel content was analyzed by GC-FID 
providing palmitic acid (C16:0), oleic acid (C18:1), linoleic (C18:2) and arachidic acid (C20:4) 
yields of 27, 17, 18 and 4 mg/g dry algae, respectively. The best extraction yield of lutein (416 
µg/g dry algae) was obtained at 338 K, 40 MPa and 2 mL/min while that of chlorophyll a was 
532 µg/g dry algae found at 338 K, 40 MPa, 1.3 mL/min using 7.5% ETOH/92.5% CO2 at N-
A-PE:algae mass ratio of 0.35. Chlorophyll b was better extracted using 10% ETOH/90% CO2 
without N-A-PE resulted to 2760 µg/g dry algae using 338 K, 40 MPa, 1.3 mL/min.  
Pyrolysis oil of spent coffee grounds was used as a resource for caffeine extraction using pure 
and modified CO2 methods. The SFE extraction results showed that a maximum of 90 % of 
caffeine was extracted from this pyrolysis oil using 10% EtOH/90% CO2 at 35.2 MPa, 333 K 
and 1 mL/min at extraction time of 20 min. Later, purification of 99.9 % of caffeine was 
attainable from the extract stream by supercritical fluid chromatography at 14.5 MPa, 333 K 
and 2 mL/min, using 10-30% ethanol gradient as a co-solvent in CO2.  
Keywords: Supercritical fluid extraction, supercritical carbon dioxide, supercritical fluid 
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1 Introduction  
Prior to the discovery of inexpensive petroleum, lignocellulosic biomass has been 
predominantly used as a source for energy (combustion, charcoal) and chemicals (acetic 
acid, methanol, acetone, tars, terpenes, phenols, etc.) [1]. Industrial wood distillation 
significantly declined with the rise of the oil industry since the 1920s. The oil crisis in the 
1970s combined with environmental, economic and political challenges compelled 
researchers to find alternative sources of energy and chemistry [1]. Biomass is considered 
to have the highest potential because of the following reasons (i) biomass is the only source 
able to provide liquid, gaseous, and solid fuels, (ii) its sustainability and availability (220 
billion oven dry ton per year) [2]. The concept of bio-refineries has recently been 
recognized with strategic and economic potential. The major constituents of biomass are 
cellulose, hemicellulose and lignin with the empirical formula similar to carbohydrates 
Cx(H2O)y which is different from that of petroleum oil as (CH2)x. Hence, biomass could be 
more readily converted to produce a large variety of chemicals [1]. For this reason, 
microalga biomass was chosen as a feedstock for supercritical fluid extraction of chemicals 
and oil. 
Microalgae are prokaryotic or eukaryotic microscopic organisms that grow suspended in 
water and are driven by the same photosynthetic process that is utilized by higher plants 
[3]. Microalgae convert solar energy to biomass more efficiently compared to terrestrial 
plants due to their simple cellular structure and easy access to basic nutrients [3]. The 
sugars produced by photosynthesis are converted to all the other cellular components 
(lipids, carbohydrates, and proteins) that make up the biomass. Since microalgae do not 
need to generate elaborate support and reproductive structures, they can devote more of 
their energy into trapping and converting light energy and CO2 into biomass [4]. They are 
capable of fixing significant amounts of carbon dioxide while contributing to around 40 to 
50 % of the oxygen in the atmosphere thus helping to support the majority of life on our 




microalgae make up only 0.2 percent of global biomass produced via photosynthesis, they 
account for approximately 50 % of the overall fixed organic carbon [5].  
  
Because of this advantageous feature, microalgae have become a target for scientific 
studies on biomass energy production, biofuels production, as well as the potential 
utilization of CO2 currently being released into the atmosphere through the use of fossil 
fuels. Other benefits provided from the cultivating and harvesting microalgae for their use 
as a source of valuable chemical include the following [4, 6-8]. 
1. Microalgae are a cheap and effective bio-resource that can be utilized to produce 
high value compounds, including carotenoids, vitamins and polysaccharides. 
2. Microalgae’s growth rate is 5-10 times higher than other plants  
3. Microalgae can be cultivated in seawater or brackish water and non-arable land, do 
not compete for resources with traditional agriculture. 
4. Microalgae can convert approximately 6 percent of the total incident radiation, into 
new biomass. 
5. Microalgae biomasses can be harvested all year. 
On the other hand, in other to convert biomass into useful chemicals and fuels, many 
biological and thermal technologies have been developed. Among them fast pyrolysis is of 
interest because it leads to direct production of a liquid heating fuel called pyrolysis oil, 
bio-oil, bio-crude etc. However, few of this emerging technologies have progressed to 
commercialization stage due to the high cost and low yield of target chemicals [1]. 
In a typical fast pyrolysis process, biomass is thermo-chemically converted into an oily 
liquid in the range of 70 – 80 % under high temperature (400-450 ˚C) and ambient pressure 
in the absence of oxygen at a lower vapor residence time (< 2 s) producing a dark brown 
liquid (pyrolysis oil/bio-oil), condensable vapors, gases (~20-30 wt. %), and char (~5-10 
wt. %) [9]. The full environmental and economic potential utilization of pyrolysis oil is 
accomplished when it is first used as a resource for valuable co-products while converting 




chemicals by pyrolysis is a feasible route in the context of bio-refinery [1, 10]. However, 
this could be possible via “selective” fast pyrolysis of biomass and separation of the 
valuable chemicals from this pyrolysis liquid. Recently, Red Arrows Products Company 
produced liquid smoke from pyrolysis oil and commercialized this product [10]. Other 
recovered chemicals are: phenol formaldehyde calcium and/or magnesium acetate for 
biodegradable deicers, levoglucosan, levoglucosenone and some flavoring for the food 
industry [11]. However, concentrations of all these compounds are relatively low.  
The production of road de-icers in the form of calcium salt is feasible by reacting the 
aqueous phase of bio-oil with carboxylic acids. Prior literature also indicated that bio-oil 
can be converted to a nitrogen slow-releasing fertilizer by reaction with nitrogen containing 
compounds such as ammonia, urea and proteinaceous materials like manure [10, 11]. This 
occurs via reacting the carbonyl group of the bio-oil with any −NH 2 feed where nitrogen 
is converted to a stable, biodegradable organic form. Reaction of lime with the carboxylic 
acids and phenols in bio-oil yields calcium salts and phenates (thermal-labile alkanes earth 
compounds) which is called “bio-lime”. Addition of these compounds into flue gas stream, 
decomposition of the compounds occurs at the flue gas temperature and further reaction 
with sulfur dioxide (SO2), neutralizing the gas [10, 11]. Bio-lime recovered greater than 90 
% of SO2 from flue gas [10].  
The composition of pyrolysis oil is complex, since it contains a mixture of hundreds of 
distinct compounds that are produced during the decomposition of the cellulose, 
hemicellulose and lignin present in the feedstock. It has a high water content (25-40 %), 
and is comprised of a large amount of oxygenated compounds (total oxygen content 20-
40% without water) such as acids, aldehydes, alcohols and others [9]. Due to this high 
water and oxygen content, pyrolysis oil has a low heating value (17 MJ/kg) compared to 
fossil fuels (HHV 45 MJ/kg). According to Oasmaa et al. [12] pyrolysis oil is unstable 
when stored at room/high temperature. This instability is generally called aging. There is a 
considerable increase in viscosity and undesirable change in chemical composition of bio-
oil as a result of aging. All these drawbacks limit the use of pyrolysis oil as an automobile 




a transportation fuel by hydrodeoxygenation, zeolite upgrading, emulsions with diesel fuel 
and steam-reforming [1].  
Hydrogen can be generated from pyrolysis oil conversion via steam reforming, partial 
oxidation, autothermal, aqueous phase and supercritical water reforming [10]. Studies on 
H2 production from bio-oil were predominantly focused on steam reforming. The amount 
of hydrogen that can be produced depends on the bio-oils composition [10]. Moreover, two 
moles of hydrogen can be produced from one mole of carbon in pyrolysis oil, if the water 
gas shift reaction takes place; past research indicates that hydrogen yield was more than 
80% of the theoretical yield; the major drawback in the hydrogen production is the 
deactivation of catalysts, which results from coking. Ayhan Demibras [13] studied the 
analysis of flash pyrolyzed hazelnut shell and tea factory waste under both alkali (30 % 
Na2CO3) and non-alkali media and found compositions of 14 compounds mainly methanol, 
acetic acid, acetaldehyde, methyl acetate, guaiacol, furfural, furfurylic alcohol, acetone, 
2,6-dimethoxyphenol, and others. An increase in pyrolysis temperature from 675 K to 825 
K with alkali addition brought about an increase in methanol production from 9.27% to 
12.61 %while in absence of alkali,  (methanol production increased from 7.26% to 10.30 
% by increasing temperature from 675 K to 815 K [13], while acetic acid had a maximum 
yield of 97.13 % at pyrolysis temperature of 552 ˚C, which increased to 9.2 % with alkali 
addition [13]. 
Another way to valorize low quality pyrolysis oil could be its use as an insecticide, 
pesticide, bactericide [1, 14]. Hossain et al. [15] carried out a study on the optimization of 
the pyrolysis reactor condition to increase nicotine recovery from pyrolysis oil of tobacco 
leaves (Nicotiana tabacum). The maximum pyrolysis oil yield of 49% was obtained at a 
pyrolysis heating rate of 10 ˚C/min. The biomass and pyrolysis oil extracts were analyzed 
by GC-FID to determine nicotine concentration. The results of nicotine recovery showed 
that maximum nicotine was obtained at a pyrolysis temperature cut of 200-250 ˚C using 
biomass with particle size of 0.355 mm. This provides a potential to extract nicotine, a 




In another study, a fraction of pyrolysis oil of spent coffee grounds was tested as a pesticide 
towards selected microorganisms and Colorado Potato Beetle (CPB). This fraction of 
pyrolysis oil was obtained by liquid-liquid extraction using organic solvents (ether, water, 
acetone and methanol). The acetone and ether fractions were analyzed by Gas 
chromatography with mass spectrophotometer (GC-MS) to determine their respective 
compositions. This fraction showed significant pesticide and bactericidal activity towards 
two bacteria (Streptomyces scabies and Clavibacter michiganesis subsp. michiganesis), 
making the caffeine rich fraction (water fraction) readily available for other downstream 
separation to recover high value compounds like caffeine.  
The objective of this research is to extract valuable compounds that have medicinal and 
fuel properties from microalgae biomass and pyrolysis oil using pure and modified 
supercritical carbon dioxide (scCO2). Microalgae of Chlorella pyrenoidosa and pyrolysis 
oil of spent coffee grounds were employed as feedstocks. For the scCO2 extraction of 
chemicals from Chlorella pyrenoidosa, the co-solvents used were ethanol, methanol, and 
synthesized bio-surfactant (N-acetylated phosphatidylethanolamine), called N-A-PE 
hereafter, while for pyrolysis oil only ethanol and methanol were studied. 
 
1.1 Hypothesis 
• The use of design of experiment and response surface optimization can help find 
the optimum processing conditions to enhance compound recovery from 
microalgae and pyrolysis oil.  
• Soybean surfactant can serve as an efficient co-solvent in CO2 which can increase 
the yield of both polar and non-polar compounds from microalgae. 
• Supercritical fluid extraction using CO2 plus co-solvent can increase the recovery 





1.2 Contribution to Knowledge 
This research aims at researching new extraction methods for efficient removal of valuable 
chemicals from microalgae and pyrolysis oil. The current state of knowledge in the field 
focuses on the use of conventional extraction methods which utilizes organic and 
supercritical solvents like CO2 for compound recovery from microalgae and pyrolysis oil. 
However, these conventional methods are sufficient only to provide less than 50% 
extraction efficiency for the case of algae, while for pyrolysis oil a complex extract of 
compound is attainable using just pure ethanol, methanol or supercritical CO2 as solvents. 
Hence, we have researched using a binary mixture of an organic solvent (ethanol and 
methanol) plus supercritical CO2 and a ternary mixture of organic solvent, surfactant and 
supercritical CO2 for algae oil, lutein, chlorophyll a and chlorophyll b from Chlorella 
pyrenoidosa. The extraction efficiency of these compounds were modeled using a design 
of experiment and response surface methodology to provide the best operating parameters 
capable of releasing a huge amount of this compounds from microalgae Chlorella 
pyrenoidosa. Operating under the determined best conditions with a small addition of 
synthesized surfactant, better solubility of these compounds was achieved leading to about 
52% extraction yield of oil which simultaneously increased extraction yields of lutein, 
chlrorophylls a and b as well as uplifted production of biodiesel after transesterification of 
the extracted algae oil. 
Later, a binary mixture of organic solvent (ethanol and methanol) in supercritical CO2 will 
be explored for their capability to extract caffeine from pyrolysis oil of spent coffee 
grounds. The extraction experiment was modeled using a design of experiment and 
response surface methodology with Box-Behnken design to find out the best operating 
parameter and combination of parameters that will give highest extraction of caffeine. The 
results showed that operating at higher pressure (35.2 MPa), temperature (333 K) and 
extraction time of 20 min was beneficial toward extracting caffeine at a considerable high 
purity which allowed further treatment of the extract with supercritical fluid 
chromatography to achieve 99.9 % purification of caffeine. The solubility and diffusivity 




Equation of State and a modified Wilke Chang Equation) to help understand the effects of 
these phenomena on extraction. With the exception for extraction time, the experimental 
and thermodynamic model results developed for caffeine solubility determination agreed 
well with the DOE optimal parameters leading to better understanding of the extraction 
process. The concepts developed in this dissertation will contribute immensely to the area 
of separation processes using supercritical fluids, which could be incorporated into already 
existing and future bio-refineries processes.  
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2 Literature Review 
2.1 Biofuels and the Biorefinery 
Conventional resources mainly fossil fuels are becoming problematic to produce due to the 
environmental challenges, such as greenhouse gas emission. This issue has prompted 
mankind to look for sustainable energy resources [1]. Biomass is an environmentally 
friendly renewable resource from which different chemicals and fuels can be produced. 
Biomass consists of carbohydrates, lignin, proteins, fats, and other chemicals, such as 
vitamins, dyes and flavors. Conversion of cellulosic biomass to biofuels provides 
significant economic and environmental benefits. A study by the Department of Energy 
(DOE) and United States Department of Agriculture (USDA) shows that the United States 
biomass resources could provide around 1.3 billion dry tons of feedstocks for biofuels, 
which could account for around 40% of the annual U.S fuel demand for transportation [2, 
3]. The United States currently consumes more than 140 billion gallons of transportation 
fuels annually, which could account for 40% of the annual USA fuel demand for 
transportation. Biofuels have been found to be one of the most useful sustainable fuel given 
their potential to increase the security of supply, mitigate vehicle emissions and provide a 
steady income for farmers [2]. 
 A system similar to a petroleum refinery which combines conversion processes and 
equipment to produce fuels, power, heat and value-added chemicals from biomass is 
known as a biorefinery [1]. According to Fernando et al. [1], the main goal of a biorefinery 
is to produce high-value low-volume (HVLV) and low-value high-volume (LVHV) 
products using a series of unit operations. The operations are designed to increase the 
valued extractible while reducing the waste streams by converting LVHV intermediates 
into energy. The obtained high-value products increase the profitability, while the high-
volume fuels help to meet the global energy demand. According to the IEA Bioenergy Task 
42, a biorefinery is a sustainable process of biomass to generate a spectrum of bio-based 
products (food, feed, chemicals, material) and bioenergy (biofuels, power and/or heat). The 




renewable biological or bio-based feedstocks to produce an end product, or products in a 
way that is a zero-waste producing and whereby each component from the process is 
converted or employed in a way to add value, and thus sustainability to the plant. 
Although different biorefinery processes have been developed to produce biofuels and 
chemicals from biomass feedstocks. Amongst all these forms energy can take, liquid fuels 
are among the most convenient in terms of storage and transportation and beneficial to 
existing fuel infrastructure [2].  In a typical biorefinery, biomass can be converted into a 
wide variety of useful forms of energy through different processes. For example, biomass 
can be used to produce sugars using chemical and biological methods. The fermentable 
sugars can be later converted into ethanol, aromatic hydrocarbons or liquid alkanes by 
fermentation, dehydration and aqueous phase processing. The residue obtained from these 
processes, which is mainly lignin can be utilized for power generation or to produce other 
products like esterified gasoline [2]. In addition, biomass can be converted to synthetic gas 
via gasification, or into bio-oils through pyrolysis and hydrothermal conversion. Bio-oils 
can be further upgraded to liquid fuels such as methanol, gasoline and diesel fuel and other 
chemicals [2].  In this thesis, we have focused on pyrolysis oil and algae oil as precursors 
for generating value-added chemicals with the use of pure and mixed supercritical fluid 
comprising of CO2, organic solvents and natural surfactants. 
 
2.2 Non-fuel Application of Microalgae Cultivation 
In present times, microalgae biomass has shown great potential towards the production of 
a wide variety of valuable chemicals which include natural food pigments, antioxidants 
and renewable biofuels such as biodiesel, bioethanol, biohydrogen [4-6]. Microalgae 
contain other valuable chemicals including long chain fatty acids (like docosahexaenoic 
acid (DHA) and eicosapentaenoic acid (EPA)) and carotenoids (such as lutein, astaxanthin, 
neoxanthin, violaxanthin, zeaxanthin and β-carotene) all which are worth further 




their role in suppressing cancer, cardiovascular, inflammatory and autoimmune diseases 
when these fatty acids are employed at high levels compared to omega-6 fatty acids [7, 8]. 
In general, microorganisms and plants synthesize carotenoids which gives them their 
yellow, orange and red color due to carotenoids absorbing visible light [9]. Apart from 
providing color, carotenoids also possess anti-oxidative and contribute to dietary vitamin 
A by converting to retinol. Fruits and vegetables are the main contributors of carotenoids 
in the human diet and it has been proposed that these help in preventing cancer, 
cardiovascular and other chronic diseases [9]. Carotenoids are recently used as food 
additives when employed as food colorant. Society prefers products made with additives 
from natural origins, which has attracted industry because of the possible social and 
economic gains. This facilitates the need for a cheap and inexpensive extraction technology 
to recover chemicals with high value like carotenoids from microalgae, while also making 
use of non-toxic solvents in order to guarantee food safety.  The composition of microalgae 














Table 2.1: Comparison of microalgae composition with some selected food sources 
[12]. 
 % of dry matter 
Source Protein Carbohydrate Lipid 
Meat 43 1 34 
Rice 26 38 28 
Soybean 37 30 20 
Chlorella pyrenedoisa 57 26 2 
Chlorella vulgaris 51-58 12-17 14-22 
Dunaliella salina 57 32 6 
Scenedesmus obliquus 50-56 10-17 12-14 
Spirulina maxima 60-71 13-16 6-7 
 
2.3 Biodiesel Production from Microalgae 
Lipids from microalgae have been considered a future raw material for biodiesel 
production due to their high lipid productivity, waste CO2 bio-fixation and reducing the 
need of herbicides and pesticides for cultivation. Chlorella species is one type of 
microalgae that has been well-known for its application towards lipid production due to its 
fast growth rate and easy cultivation [4]. For example, Chlorella vulgaris possesses high 
cell growth but has a low lipid content of about 20%, comprised of mainly saturated and 
unsaturated fatty acids C16 and C18, which serve as sources for producing bio-diesel [4, 





Table 2.2: Fatty acid composition of different microalgae species (%)[11, 12]. 










12:0 - - - 0.3 0.4 
14:0 0.9 0.9 - 0.6 0.7 
14:1 - 2.0 - 0.1 0.2 
15:0 - 1.6 - - traces 
16:0        15 20.4 41.7 16.0 45.5 
16:1 1.6 5.8 7.3 8.0 9.6 
16:2 7.2 1.7 - 1.0 1.2 
16:4 - - 3.7 26.0 - 
17:0 - 2.5 - - 0.3 
18:0 0.9 15.3 2.9 0.3 1.3 
18:1 3.4 6.6 8.8 8.0 3.8 
18:2 18.2 1.5 15.1 6.0 14.5 
18:3 42.5 - 20.5 28.0 0.3 
18:4 0.2 - - - 21.1 
20.2 - 1.5 - - 0.4 
20:3 - 20.8 - - - 
     Others 24.1 19.4 - 5.7 0.7 
 
[13]. Transesterification reaction is usually done at operating temperature in the range of 
308-353 K, methanol-oil ratio (3:1-21:1), catalyst concentration (0.25-1.5%), mixing 




reaction is shown in Scheme 2.1. Typically, the glycerol produced is used in the 
pharmaceutical and cosmetic industries, although due to biodiesel production, conversion 
of glycerol has become a topic of scientific interest [13].  
 
Scheme 2.1: Transesterification of triglyceride to produce biodiesel using KOH as a 
catalyst where, R1, R2 and R3 are the fatty acid chains. 
The transesterification reaction takes place in 3 steps  by: (i) triglycerides react with 
methanol in the presence of a catalyst to produce diglycerides, (ii) diglycerides react with 
methanol to generate monoglycerides, then (iii) the monoglycerides react with methanol to 
produce methyl esters and glycerol [13]. The reactions are often catalyzed by an acid or a 
base, using a homogeneous or heterogeneous catalytic process. This is the major and 
significant method employed to produce biodiesel at a commercial scale [13].  
 
2.4 Comparison of Conventional Solvents and Supercritical CO2 
Extraction for Valorization of Microalgae 
Microalgae can be an important source of carotenoids and chlorophyll for commercial use, 
since these compounds can be obtained in high yields using both SFE and organic solvent 
extraction methods [15]. Carotenoids have a high coloring capacity, although they are 
sensitive to heat even at low levels of parts per millions when employed as food colorant. 




cheese, ham and gelatine [16]. In the food industry, the major research focus is on the 
prevention of the degradation of chlorophyll during processing and storage so that it is 
present in its natural form in food. The use of this compound is authorized for its use as an 
additive for providing coloring in the manufacture of cold drinks and ice cream among 
others [16]. 
There have been various conventional solvent extraction methods used to valorize valuable 
chemicals from microalgae which includes Soxhlet, microwave, ultrasound and Bligh-
Dyer extraction method. The major two extraction methods that will be considered in this 
section will be Soxhlet extraction and Bligh-Dyer extraction method due to their 
predominant use and high extraction yields of compounds from microalgae.  
Soxhlet extraction is usually used as a method for determining the total content of target 
compounds found in microalgae. In a typical Soxhlet extraction process, the feed material 
is placed into a thimble usually made of cellulose or glass. Then, the thimble is placed into 
the Soxhlet apparatus connected to a round bottom flask, which is heated to enable 
continuous evaporation of solvent, while a chilled condenser is used to provide 
condensation of the solvent resulting in one complete cycle of solvent. The extraction is 
continued until the condensed solvent in contact with the feed material is colorless. After 
completion of the extraction the solvent is evaporated and the solute is recovered. A review 
of different solvents employed using Soxhlet and Bligh-Dyer extraction for the recovery 
of pigments and lipids from microalgae is presented below. 
Kitada et al. [17] performed Soxhlet extraction of pigments with pharmaceutical 
importance from Chlorella vulgaris. Soxhlet extraction was done using tetrahydrofuran 
(THF) to determine the total pigment content of this microalgae and found that using 7g of 
algae by passing 200 mL of THF for 5 h. This method gave a higher lutein yield of 2.3 
mg/g algae and a total chlorophyll yield of 18 mg/g algae in comparison to yields of ethanol 
(1.16 mg/g) and acetone (0.98 mg/g).  
Paudel et al. [10] used chloroform/methanol mixture in a Soxhlet apparatus to extract lipids 
from microalgae species of Botryococcus braunii race A UTEX 572. Briefly, 0.3g of 




(2:1, v/v). The extraction was performed at 80 ˚C and 24 h extraction time. After 
completion of the extraction, the total lipid yields were obtained by gravimetric analysis to 
be 503 mg/g dry weight of algae. This lipid yields contained 14 wt% neutral lipids, 9 wt% 
of free fatty acids and 27 wt% of other lipids.  
In another example, microalgae of Schizochytrium sp. was extracted by Soxhlet extraction 
method. In this study, 200 mL of ethanol at 363 K for 48 hr was used. After the extraction, 
liquid ethanol was removed by rotary evaporator and a maximum of 35.7 wt% lipid content 
based on dry biomass was obtained, containing 10 wt% tetradecanoic acid (C14), 2 wt % 
pentadecaoic acid (C15), 10 wt% 9-hexadecanoic acid (C16:1), 32 wt% hexadecanoic acid 
(C16), 19 wt% 9-octadecanoic acid (C18:1), 2 wt% octadecanoic acid (C18) and 25 wt% 
docosahexadecanoic acid (DHA, C22:6) [18]. 
For the Bligh-Dyer extraction method, several studies have shown the effectiveness of this 
method for lipid extraction from microalgae. For example, the extraction of lipids from 
Nannochloropsis-dried powder was accomplished by Kwak et al. [19]. Briefly, 5 g of 
microalgae was quantified and placed into a flask. Later, chloroform/methanol/distilled 
water were added (1:1:0.9 v/v/v). The mixture was then stirred at 150 rpm for 2 h. The 
extract was obtained by separating the solid and liquid phase. Then, the liquid extract was 
placed inside a separation funnel for 10 minutes to separate water from the 
methanol/chloroform layer. After the extraction, the extract contained 21 wt% lipid yield, 
which was found to be higher than the yields by Soxhlet extraction (12 wt%) using 300 mL 
of hexane at 24 h extraction time. However, the Bligh-Dyer and Soxhlet extraction methods 
in this study contained similar FAME compositions of 71% and 68%, respectively.  
In addition, Mendes et al. [15] employed the Bligh-Dyer extraction method for the 
extraction of lipids from Chlorella vulgaris. The results obtained using this extraction 
method showed that C. vulgaris contained 24.5 wt% lipids based on 100 g of dried algae. 
However, the total lipid content detected by GC after transmethylation was found to be 
12.1 wt%, which contained majorly C18:1 (41 wt%), C16:0 (22 wt%) and C18:3 (9 wt%). 
Considering other organic extraction methods for obtaining lipids from microalgae, 




However, the energy requirements for processing pressurized organic solvents have been 
found more intense compared to emerging technologies using modified CO2 extraction 
methods. For example, Yang et al. [4] extraction results suggest that using pressurized 
methanol to recover lipids from microalgae led to more energy consumption/yield (380.9 
energy/yield (W/%)) compared to using CO2-expanded methanol (CXM) which gave an 
energy consumption/yield (134.5 energy/yield (W/%)). In general, using pure organic 
solvent extraction process for valorizing microalgae biomass are most effective with dried 
feedstocks [20]. The cost of drying the feedstock significantly adds to the overall 
production cost and requires significant energy [20]. Another variation of organic solvent 
based processes is extraction by in-situ transesterification. In this method, the bound lipids 
are released as methyl esters generated by directly adding the catalyst and methanol to the 
dried algae. Although this method has been used at larger scales, the approach works best 
using dried algae and is affected by the same cost and net energy issues associated with 
drying the biomass [20].  
 
In contrast, Mendes et al. [15] found out that scCO2 extraction of the total carotenoids from 
Chlorella vulgaris was greatly influenced by an increase in pressure at constant 
temperature or with temperature at constant pressure. This phenomenon led to a high 
carotenoid yield of 5.3 mg/g algae when operating at 35 MPa and 55 ˚C, while utilizing 
132 L of CO2 at about 10 h extraction time. In another study, scCO2 was used to extract 
lutein, β-carotene and chlorophyll a and b from Chlorella vulgaris. The total carotenoid 
content was quantified using canthaxanthin as an internal standard and measuring the 
absorbance via UV-Vis spectroscopy while the individual carotenoids (canthaxanthin and 
astaxanthin) were quantified by high performance liquid chromatography. The authors 
found that the solubility of lutein was fairly constant with a change in temperatures at 333 
K, 343 K and 353, respectively. Although the maximum solubility of lutein was obtained 
as 0.011 mg/g CO2 at operating conditions of 343 K in dense CO2 (900 kg/m
3). The increase 
in lutein solubility was due to elevated temperature possibly damaging the algae particle 




(7 mg/g algae) and 2 mg/g of chlorophyll b at a CO2 consumption of 180 g CO2/g algae, 
30 MPa, 333 K, 2.5 mL/min flowrate with an extraction time of 300 min.  
In another study, microalgae of Scenedesmus obliquus was examined by Guedes et al. [21] 
as a source of generating carotenoids and chlorophyll a, b and c for its potential use in food 
processing. In their work, the effects of pressure, temperature, CO2 flowrate and a polar 
co-solvent was examined based on the yields of carotenoids and chlorophylls using pure 
and modified CO2. The results of the extraction showed that the highest carotenoid yields 
was attained at 25 MPa, 333 K and a flowrate of 2 g/min leading to 0.18 mg/g algae [21]. 
Meanwhile, the influence of temperature on extraction yields of total chlorophylls (a,b and 
c)  proved to negatively affect its extraction yield when the temperature was increased from 
313 to 333 K, although the yield of chlorophyll increased slightly with pressure up to 25 
MPa at constant temperature (313 K) leading to yield of 0.083 mg/g algae. Furthermore, 
the effect of flowrate on the extraction yield of carotenoids was constant at values of 0.045. 
However, the yield of total chlorophylls decreased by 10% when the flowrate was 
increased from 2 to 4 g/min at constant temperature of 313 K and pressure of 25 MPa using 
pure CO2 as an extractant [21]. 
ScCO2 has been found to be a suitable solvent for the extraction of lipids due to it’s non-
polar property [6]. For example, Solana et al. [22] examined SFE of essential fatty acid (⍺-
linolenic acid) from three different species of microalgae (Scenedesmus obliquus, 
Chlorella protothecoides and Nannochloropsis salina) by comparing the yields with the 
goal of attaining low linolenic:⍺-linolenic acid (ω6:ω3) ratio. Due to ALA superior 
medicinal properties like its known suppressive effects against cardiovascular diseases and 
cancer, when compared to linolenic acid (LA) [7, 22]. ScCO2 was studied in the range of 
operating conditions of T= 318-338 K, P= 15-35 MPa, extraction time of 120 min and a 
solvent-to-feed ratio values from 250 gCO2/g algae. The results of the SFE suggested that 
scCO2 extracts obtained higher free fatty acid content (73.6%) compared to using soxhlet 
extraction with methanol:chloroform mixture (2:1) which obtained only 51.1%. 
Furthermore, the total lipid yields obtained by Soxhlet was found lower than that of scCO2 
(14.8% and 18.2%, respectively) [22]. The extracted Scenedesmus obliquus oil was found 




salina by generating around 50% more ALA. The maximum extraction yield using pure 
scCO2 was observed to be 28 wt. % in terms of kg extract/kg algae when operating at 30 
MPa, 318 K, 120 min extraction time and a solvent-to-feed mass ratio of 2100. The lowest 
ω6:ω3 ratio was found to be 0.25 when operating the SFE system at 25 MPa, 318 K and 
30 min extraction time [22].   
Pretreatment of microalgae prior to SFE has also been considered to improve the yields of 
biodiesel convertible lipids from microalgae although this could be an energy intensive 
process. In a recent study, various cell disruption methods such as microwave, sonication, 
and bead beating were used to valorize lipids from microalgae of Botryococcus sp., 
Chlorella vulgaris, and Scenedesmus sp. The results suggested that microwave method 
provided the best cell disruption of the algae cells which led to the highest lipid and oleic 
acid productivity at 10.2 𝑚𝑔 𝐿−1 𝑑−1 and 5.7 𝑚𝑔 𝐿−1 𝑑−1, respectively. According to the 
study by Mendes et al. [15] around 13.3 wt% of lipids were extracted after cell disruption 
by crushing the dry algae cells which was greater compared to extraction with no cell 
disruption (5 wt. %, based on dry algae weight) using scCO2 extraction at 35 MPa/328 K.  
 
2.5 Supercritical Fluids 
Supercritical fluids (SCFs) are substances that have both gas and liquid properties above 
their critical pressure and temperature. Although they are not liquids, they have liquid-like 
densities (0.1-1 g/mL) and viscosity (1 − 3 ×10−4𝑐𝑚−1𝑠−1) [23]. The critical point is the 
region where no amount of pressure is high enough to yield liquefaction of the gas. The 
critical temperature is the temperature above which the substance cannot exist as a liquid. 
The critical pressure is the pressure that will yield liquefaction of a gas at the critical 
temperature. SCFs have mass transfer properties similar to that of a gas and solvation 
characteristics of a liquid. Due to their large diffusivity, SCFs penetrate solid matter, and 
their gas or liquid characteristic densities enable them to dissolve analytes from a solid 
matrix. Their high densities lead to optimum solvent power towards materials that 




SCFs are compressible and minute changes in pressure results in tuning their diffusivity 
and their ability to solubilize compounds. Thus, the use of SCFs facilitates extraction 
efficiency and speed of extraction. The integrated gas-like mass transfer and liquid-like 
solvation characteristics of SCFs have facilitated their applications as mobile phase in 
supercritical fluid chromatography [23]. The addition of co-solvents (also called entrainers 
or modifiers) optimizes the solvation power of SCFs by either increasing or decreasing 
their polarity, aromaticity, chirality and ability to form metal-organic compounds 
depending on the property of the compounds to be extracted [24]. A co-solvent is a 
substance whose volatility is between that of the SCF and the solute [24]. Table 2.3 shows 
the comparison of properties of liquids and gases with SCFs. 
 
Table 2.3: Comparison of supercritical fluid properties with liquids and gases [25]. 
Property                                                             Liquid SCF Gas 
Density (g/cm3)  1 0.2-0.7 10−3 
Viscosity (cP)  0.5-1 0.005-1 10−2 
Diffusivity (cm2/s)  10-5 10-4-10-3 10−1 
 
2.6 Selection of Supercritical Fluids   
Various compounds have been studied for their application as supercritical fluids in 
supercritical fluid chromatography (SFC) and extraction (SFE). Table 2.4 and Figure 2.1 
show the critical points (temperature and pressure) of some commonly used SCFs. The 
physical and chemical properties of a supercritical fluid are dependent on the temperature 
and pressure, and are the most important parameters considered when designing a SFC or 
SFE system [26]. Water, the most familiar solvent is not a good choice for SFC or SFE 
from an engineering and safety point of view. Ammonia, due to its strong odor, is 




will require special parts (normally gold plated) to prevent dissolution [26]. Nitrous oxide 
has been utilized as it is somewhat polar and has reasonable values of critical pressure and 
temperature. However, it was found that the use of nitrous oxide as a SCF can lead to an 
explosion when mixed with modifiers [26]. By far, carbon dioxide is the most popular and 
environmentally safe supercritical fluid for use in SFE and SFC due to its numerous 
beneficial characteristics as descried earlier.  
Table 2.4: Physical and chemical characteristics for selected supercritical fluids [23]. 
SCF Critical values    
Temperature Pressure Density Dipole moment 
 (K)  (atm) (g/mL) D 
Carbon dioxide 304.3 74.8 0.472 0.0 
Nitrous oxide 309.8 73.4 0.445 0.2 
Ammonia 405.5 115.0 0.211 1.5 
Methanol 513.2 82.0 0.246 1.7 
Ethane 305.4 322.7 0.204 0.0 
Ethylene 283.3 51.2 0.201 0.1 
Pentane 469.7 34.1 0.230 0.0 
Hexane 507.3 30.5 0.230 0.0 
Cyclohexane 833.6 43.9 0.265 0.6 
Chloroform 536.6 54.4 0.525 1.1 
Benzene 835.4 49.5 0.298 0.0 





Figure 2.1: Phase diagram of pure carbon dioxide showing the temperature and 
pressure parameters between the phases and the supercritical region. 
 
2.7 Choice of Solvents in SCF Systems 
The choice of modifiers is mainly based on availability in high purity, toxicology, and 
physical and chemical characteristics. A number of criteria for the choice of solvent may 
include boiling points, polarity, latent heat of vaporization, and the allowable limits of 
residue in the extracts. Mukhopadhyay [27], explained that a limited number of solvents 
can be used for the extraction of food grade flavor and fragrances with very restricted, low 
levels (1 to 5 ppm) of residual solvents as tolerable limits. The higher the boiling point of 
the solvent at reflux conditions, the higher the molecular weight profile the extract will 
have. The functionality of the co-solvents is chosen according to their reactivity with the 
solute. For acidic compounds, it is best to use a co-solvent that has hydrogen bond 
accepting capability [28]. Further, there’s is a possibility of hydrogen bond formation when 
two separate classes of solvents are mixed. Tavana and co-workers [29] used the ability of 
the co-solvent to reduce retention time of the solute in packed GC columns as a method for 




basicity and polarizability was employed to measure the hydrogen bond capability. The 
dipole moment determines the orientation of a solvent around an organic solute molecule 
in the absence of specific solute-solvent interactions. However, the dissolving power of a 
solvent is also dependent on the effectiveness of the electrostatic solvation [28]. The cost 
of energy required for extraction is related to the latent heat of evaporation, thus solvents 
with low latent heat have the advantage of being isolated using less energy compared to 
solvents with higher latent heats. For example, CO2 has a lower latent heat of vaporization 
of 42.4 cal/g compared to ethanol (204.3 cal/g), acetone (125.3 cal/g), hexane (82 cal/g), 
dichloromethane (78.7 cal/g), etc. Hence CO2 consumes less energy than these solvents. In 
addition, the use of dichloromethane as a solvent for the decaffeination of tea and coffee 
generates residues of 5 and 10 ppm after extraction process, respectively [27]. 
 
2.8 Supercritical Fluid Extraction  
Supercritical fluid extraction (SFE) has been used for many years for the recovery of 
compounds of natural products. Typically, in carrying out SFE, a pump is used to supply a 
particular pressure of the extraction fluid to the extraction chamber, which is thermally 
controlled to keep the temperature above the critical temperature of the supercritical fluid. 
The SFE-CO2 system includes a source of liquid carbon dioxide, a pump that 
accommodates control of pressure above the critical point, an extraction chamber with a 
temperature controller, a restrictor at the outlet valve which controls back pressure and a 
collection vessel [23]. 
Fractionation occurs in a packed column while extraction is done in an extraction vessel. 
The feed can be introduced from the top of the column; a pressure controller maintains the 
pressure in the extraction and the separation equipment. For recycle operation, the CO2 rich 
phase can be channeled back to the column, the CO2 containing droplets and some amounts 
of dissolved substances are passed via a demister and carbon scrubber prior to recycling to 
the liquefaction unit. One way to separate a desired product from the stream is to precipitate 




cycle), temperature increment (isobaric cycle) or by mixing the extract with ambient gases 
like argon or nitrogen. Another way to recover the analyte is by washing with a suitable 
solvent [23]. The important process conditions to be considered when optimizing a 
supercritical fluid extraction include the selection of the supercritical fluid, pressure and 
temperature, extraction time, sample size, the method used to recover the analyte and the 
required equipment [23].  A number of companies which operate using supercritical fluids 
for various industrial manufacturing applications are listed in Table 2.5. 
















extraction and concentration. 
Extraction of fragrance. Fragrance infusion, 
vitamin extraction, anti-oxidant extraction, 
concentration of active ingredients. Renewal 
of monomers and oligomers infusion of 
component, removal of binder from powered 
materials. Precision machined components, 
silicon waters, medical implants, and 
electronic components. Reactions and 
organic product synthesis. Polymerization 
reaction and synthesis. Hydrogenation 
reactions.  
SCFluids Inc. Electronics: semiconductor 
device fabrication 
SCF overcomes the problems associated with 
aqueous-based cleaning processes due to 
high surface tension and capillary forces 
Kensa Group, Inc. Pharmaceutical: sterilization 
of materials (polymeric and 
macromolecular materials for 
use in biomedical 
applications). 
Supercritical CO2 can penetrate cell walls 
and other materials. It is useful for post-
packing sterilization of materials like pipies.  
Inhale Therapeutic 
Systems Inc. and 
Johnson & Johnson 
Pharmaceutical: Drug 
particle formation 
SCF process applied to the screening of 
polymorphic and solvate forms of drug 
particles 




2.9 Novel Co-solvents for Supercritical Fluid Systems 
There is a growing need to develop environmentally friendly co-solvents that can be used 
alongside with scCO2 for the extraction of useful chemicals from plant materials, fuels and 
other waste sources. This challenge has led to the research and development of few soluble 
polymers and surfactants in scCO2. According to Cooper et al. [31] only two classes of 
polymers have shown significant solubility (> 10%) in CO2 under practical conditions 
(<373 K and around 35 MPa); amorphous (low melting) fluorinated polymers and 
polysiloxanes. Hence, there has been a lot of focus on the development of fluorinated and 
siloxane-based surfactants that can stabilize dispersion of otherwise insoluble polymeric 
materials in CO2 [31, 32]. Small-angle neutron scattering and small-angled X-ray scattering 
(SAXS) studies have proven that partially fluorinated amphiphilic surfactants can 
aggregate into micelles in carbon dioxide solution, the precise number of polymer chain 
per micelle being influenced by CO2 density [31].   
In addition, Cooper et al. [31] studied the extraction of hydrophilic compound (methyl 
orange) from water into liquid CO2 using functionalized dendritic surfactants. They 
discovered that dendrimers with a fluorinated shell are soluble in liquid CO2 at 296.5 K 
and pressures above 73 atm and can transport CO2-insoluble compounds into this solvent 
within their core. However, these dendrimers were insoluble in water but was capable of 
transferring methyl orange, a CO2-insoluble dye from aqueous solution into CO2.  
Supercritical CO2-non-ionic surfactants coupled solvent have recently been studied for 
enhanced oil recovery in oil reservoirs by Abbas et al. [33]. The surfactant composition 
was determined by GC to contain 2-ethylhexyl glyceryl ether (unreacted) 14 mole %, 
dimeric diol (82 mole %) and trimeric diol (4 mole %). Cloud point measurement of the 
non-ionic surfactant showed that the non-ionic surfactant was soluble in CO2. This method 
was suggested to be good for mitigating gas channeling through permeable fissures, cracks 
or strata due to increased apparent viscosity of CO2-non-ionic surfactant mixture which is 




2.9.1 Synthesis of Novel Co-solvents for Supercritical Fluid Systems 
Another way of generating an environmental friendly surfactant was reported by the 
Charpentier group via fractionation and acetylation of a phospholipid 
(phosphatidylethanolamine) found in soybean lecithin [34]. Lecithin is a complex mixture 
containing different phospholipids obtained by water-washing crude vegetable, and 
separating and drying the hydrated gums [35]. Soybean lecithin contains mainly 
phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylinositol (PI), 
phosphatidic acid (PA) with a low amount of triglycerides, carbohydrates and sterols [34, 
35]. Phospholipids are polar lipids that have surface-active properties with both 
hydrophobic heads and hydrophilic tails making them amphipathic molecules. These 
advantageous properties enable phospholipids to have self-assembly into distinct structure 
in solvents like water. Due to their advantageous surface active properties, they prevent 
surfaces from sticking together, for example in the lungs of infants where they act as lung 
surfactants [36].  
Phospholipids have been used for many applications in pharmaceuticals, cosmetics, and 
food industry as excellent biocompatible emulsifiers, stabilizers, bio-surfactant, 
antioxidants and wetting agents [37-39]. In the United States, the production of 
phospholipids have continually increased due to the development of highly purified 
phospholipid extracts in the cosmetic, microencapsulation and liposome fields [35]. For 
example, phosphatidylcholine (PC) has gained a considerable amount of attention due to 
the reported health benefits associated with cardiovascular, liver health and in reproduction 
and development [25]. Thus, the valorization of surfactants from lecithin, has to take into 
account the removal of PC prior to extracting other important phospholipids for other 
applications like surfactant for extraction.  
Different methods such as solvent extraction, solvent treatment after chemical 
modification, precipitation, ultrafiltration and chromatographic methods have been 
employed for fractionation of de-oiled lecithin in order to obtain high concentration of PC 
[25]. Ethanol has been the preferred solvent for the PC extraction due to both toxicological 




After PC extraction, other phospholipids have been recovered through a simple process 
such of acetylation. Acetylation of lecithin has various benefits such as improving lecithin 
resistance to heat, and increasing the solubility of some compounds in acetone so that they 
can easily be separated from non-acetylated compounds by simple batch solvent extraction 
and precipitation [38, 40]. In a typical acetylation reaction, free amino groups present in 
phospholipids like PE, are reacted with acetic anhydride to produce acetylated products.  
For example, Nasir et al. [34] prepared a bio-surfactant from soybean lecithin and tested 
its solubility in scCO2. First, soybean lecithin was fractionated by acetone extraction to 
separate the neutral lipid from the various phospholipids (PE, PA, PI, PC). Then, ethanol 
extraction was employed for recovering PC in the ethanol soluble fraction leaving the 
ethanol insoluble fraction rich in Phosphatidylethanolamine (PE) although containing few 
fractions of PC, PA, PI. Later, this PE fraction was acetylated with acetic anhydride to 
produce N-acetylated phosphatidylethanolamine which was tested for solubility in scCO2 
using cloud point measurements via visual inspection using a high pressure view cell and 
an in situ FT-IR apparatus. The solubility measurements were conducted in the range of 
313 to 343 K and pressures up to 58.6 MPa was studied in pure CO2 resulting in cloud 
points pressures of 12.4, 13.4 and 14.1 MPa at temperatures of 313, 333 and 343 K, 
respectively [34].  
This approach suggests that surfactant-modified CO2 with an environmentally derived 
surfactant can be used to improve dramatically the applicability of scCO2 extraction 
applications in extraction and cleaning applications.  
 
 
2.10 ScCO2 as a Solvent for Chemical Extraction from Pyrolysis 
Oil 
There has been very limited amount of research carried out in the field of scCO2 extraction 




phenolics.  In this section, an overview of the progress made on the use of scCO2 for 
extracting high value chemicals from pyrolysis oil in the past decade is presented.  
Naik et al. [41] studied scCO2 fractionation of phenolics from the organic fraction of 
pyrolysis oil of wheat and wood sawdust. The scCO2 fractions obtained were analyzed by 
proximate and ultimate analysis, GC-FID, GC-MS and 1H nuclear magnetic resonance to 
determine their chemical composition. FT-IR was further used to determine the functional 
groups of compounds present in the pyrolysis oil. The results showed that the scCO2 
extracts obtained at a pressure of 25 MPa, 318 K, 30 g/min and extraction time of 2 h 
extraction time led to an impure extract phase containing a composition of furanoids 
(9.9%), pyranoids (9%) and oxygenated benzanoids (39.3%) [41]. The extracts obtained 
were also found to contain less percentage of oxygen/water compared to the crude pyrolysis 
oil of wheat and wood sawdust. However, this extract had a higher heating value (30.1- 
44.2 MJ/kg) compared to that of biomass (19.1 MJ/kg). Making scCO2 extraction method 
a good solvent for upgrading pyrolysis oil properties [41].  
In another study, Feng et al. [42] performed extraction experiments comparing scCO2, 
liquid CO2 and solvent extraction of chemicals from commercial slow pyrolysis oil of 
beech wood. The pyrolysis oil was initially adsorbed onto silica (SiO2) prior to scCO2 
extraction. The pyrolysis oil was analyzed by GC-MS/GC-FID to determine its chemical 
composition. Results showed that the scCO2 extraction was mostly controlled by 
dissolution at the first 3 h during the 6 h extraction period and proposed the controlling 
mechanism to be a combination of dissolution and diffusion [42].  Their results showed 
that the scCO2 extracts were both enriched with non-aromatics and aromatic compounds 
(60-65%) compared to 49% of the crude pyrolysis oil according to analysis by GC [42]. 
However, none of these scCO2 extracts resulted in a pure compound. Enabling the need for 





2.11 Supercritical Fluid Chromatography  
Supercritical Fluid Chromatography (SFC) is a type of normal phase chromatography that 
is used for the analysis and purification of low to moderate molecular weight, thermally 
labile molecules [43]. SFC primarily uses supercritical CO2 as a solvent for the mobile 
phase in HPLC. Due to supercritical CO2’s advantages in diffusion, the performance of the 
separation columns are optimized, with higher resolutions and faster separations being 
enabled [44]. In a typical operation, CO2 is fed through pumps that are cooled to about 4
◦C 
in order to maintain the carbon dioxide at a temperature and pressure that keeps it in a 
liquid state where it can be effectively pumped at some specified flow rate [45].The SFC 
instrument has a known software that’s used to control the mobile phase flowrate, co-
solvent composition and column temperature etc.  
Additionally, a back pressure regulator is attached to control the upstream back pressure of 
the solvent in the system. One unique advantage of SFC over HPLC is that solvent recovery 
is easier since the primary mobile phase evaporates leaving only the analyte and a small 
quantity of polar-co-solvent. CO2 at the outlet can be recompressed and recycled back into 
the process allowing > 90 % reuse of CO2 [45]. Analogous to an HPLC system, SFC can 
employ a number of detection methods such as UV-Vis, mass spectrometry, FID (unlike 
HPLC), and evaporative light scattering [45]. Typical co-solvents for SFC chromatography 
include methanol, ethanol, or isopropyl alcohol and others. The disadvantages of SFC are 
associated with high pressures which need back pressure regulation and the high cost of 
equipment parts that can withstand high pressure [45]. Over the past few years, SFC has 
progressively been accepted for food and pharmaceutical separation due to its unique 
selectivity, short analysis time, low to no consumption of organic solvents, and enhanced 
instrumentation [45]. SFC is also capable of separating samples in a complex matrix. The 
most common separations are done using both analytical and preparative techniques. 
Analytical SFC is mostly used for qualitative and quantitative analysis while preparative 
SFC is used for purification and separation. Food analysis using supercritical fluid 




bioactivity in the food but also the contaminants and illegal substances that are classified 
as unsafe [45]. 
In the past, SFC was operated employing pure CO2 as the mobile phase, but recently SFC 
is predominantly carried out in subcritical conditions because CO2 is modified with 
entrainers to increase the solubility of polar compounds. However, carbon dioxide is 
always the major component of the mobile phase due to its several advantageous [45]. SFC 
offers the possibility of analyzing thermally labile and polar compounds which cannot be 
analyzed by gas chromatography without derivatization. These advantages have 
contributed to increase SFC usage. In the 1980s, SFC was utilized with capillary columns 
and FIDs, but currently packed columns and LC-type detectors are regularly employed, 
since this configuration is more efficient and more applicable to a wide range of analytes 
[45]. 
The columns designed for HPLC can be employed in packed column supercritical fluid 
chromatography, but there are some limitations accompanied with this application such as 
low capacity, poor selectivity or poor peak shape for the SFC separation. For instance, in 
the isolation of basic or acidic compounds the use of modifiers is important in order to 
obtain good peak shapes [46]. This fact has progressively contributed to the development 
of novel stationary phases especially designed for preparatory SFC, resulting in excellent 
peak symmetries without the use of additives [46]. Analytical supercritical fluid 
chromatography uses a lot of the apparatus in HPLC. The packed columns used are 
typically of 4.6 mm internal diameter and between 150-250 mm in length with 5 µm 
diameter micro-particulate silica can be very efficient (10,000 theoretical plates), which is 
sufficient for the bulk of separations [46].The amount of packing is normally a couple of 
grams. The loading of analyte for analysis purpose is very little, typically a microgram per 
gram of packing. Larger column is required for preparative SFC isolation of large 
quantities of material. SFC can be used with both polar and non-polar stationary phases 
[26]. 
Some examples reviewing the use of this technique for the determination of binary 




co-authors [47] examined the use of Taylor-Aris peak broadening technique in the 
determination of binary diffusion coefficients of fatty acid methyl and ethyl esters in scCO2 
at 308-318 K in the pressures range of 9.7-21.1 MPa. The experimentally determined 
diffusion coefficients were found to be 1 × 10−4𝑐𝑚−2 at 313 K and 9.7 MPa, although 
decreased to approximately  0.5 × 10−4𝑐𝑚−2 with an isothermal rise in pressure up to 21 
MPa.  Rezaei et al. [48] studied the binary diffusion coefficients of pure lipids including 
fatty acids and their esters, triglyceride and diglyceride in scCO2 at pressures in the range 
of 25-36 MPa and temperature (313-333 K)and the number and position of double bonds 
were also studied as well. The results showed that the addition of polar co-solvents 
(ethanol) led to an enhancement in the diffusion coefficient of oleic acid. The diffusion 
coefficient of oleic acid was found to increase with temperature but decreased with an 
elevation in pressure. An increase in the double bind also led to a reduction in the diffusion 
coefficient of fatty acids. It was also observed that the diffusion coefficient of free fatty 
acids were lower than those of their esters in scCO2 [49]. In another study, Knaff et al. [49] 
experimentally examined the diffusion coefficient of caffeine and naphthalene in scCO2 in 
the range of pressure from 11.8-22.6 MPa and from 308-333 K at pseudo-steady state 
conditions. It was also observed that the diffusion coefficient of both caffeine and 
naphthalene decreased with an elevation in pressure when operating at constant 
temperature [49].  
2.12 Modeling of Supercritical Fluid Processes 
The simulation of supercritical fluid processes via the thermodynamic, mass transfer 
modeling, design of experiments and optimization has found application in the separation 
and purification of chemicals of interest during the last two decades. This development was 
accompanied by improved models to describe the phase equilibrium of multicomponent 
mixtures at high pressure, process design and modeling of SFE processes [50]. Here, 
experimental studies are critical and modeling techniques are robust tools to represent the 
physical phenomena, save experimental time and evaluate the benefits of supercritical fluid 
processes over alternative methods [30]. In this dissertation, we focused on three major 




solubility of some useful chemicals by equation of state methods, (2) mass transfer 
modeling and (3) design of experiments and response surface optimization of scCO2 
extraction processes.   
 
2.12.1 Mass Transfer of Supercritical Fluid Extraction Systems 
The advantageous properties of supercritical fluids including thermodynamic properties 
(liquid-like density, high solvation capacity) allows easy matching of the solubility 
parameter of the fluid to that of the solute by modest changes in pressure, temperature or 
both as described by Puiggene et al. [51]. This has made supercritical fluids attractive as 
solvent to be used for various chemical engineering applications. These properties 
determine the capacity and selectivity of a fluid as a solvent. Supercritical fluids have 
favorable transport properties (gas-like viscosity and diffusivity), which leads to large 
Schmidt and Grashof numbers, thus in large Sherwood numbers [52, 53]. These factors 
contribute to a high dissolution rate. Different mass transfer models have been proposed to 
represent SFE of useful compounds from solid matrixes. In this dissertation, only liquid to 
supercritical fluid mass transfer was studied for extraction of caffeine from pyrolysis oil, 
thus we focused our review presented subsequently on this application. 
Puiggene et al. [51] studied mass transfer of free liquid (1,2-dichlorobenzene) in 
supercritical carbon dioxide. The extraction measurement was performed in the range of 
pressure (8-25.5 MPa) and temperature (310-333 K). The extraction results obtained 
provided a high amount of 1,2-dichlorobenzene (35-80 %) by supercritical fluid. The 
authors proposed evaporation of the 1,2-dichlorobenzene into the supercritical fluid to be 
responsible for the increase in extraction yield. The global mass transfer coefficient  (𝐾𝐺𝑎) 
were obtained from time-domain curve fitting of the extraction curves of the dynamic 
extraction experiments from a bed of non-porous inert spheres packed in a differential bed. 
It is found that an increase in pressure at constant temperature and gas flowrate leads to a 
reduction in the mass transfer coefficient. For instance, as pressure increased from 8-25.5 




leading to 17.12 × 104 𝑠−1. In addition, a decrease in diffusivity was observed when the 
pressure was increased at constant temperature and flowrate. This behavior is consistent 
with data reported by several authors Lim et al. [53].  
In another study, Adeoti et al. [55] examined the experimental and mass transfer modeling 
of oil extraction from salmon processing waste using scCO2. The experiment was 
conducted at 15, 25 and 35 MPa, temperatures of 313, 333 and 353 K and flowrates of 
0.18-0.48 kg/hr. The yields at 35 MPa, temperature of 353 K and flowrate of 0.18 kg/hr 
was found to be 41 wt. %. The yield obtained by the mass transfer model match the 
experimental data with a % average absolute deviation (% AAD) ranging from 2.4 to 10.6 
%. It was also observed that the global mass transfer coefficient reduces with an increase 
in pressure at constant temperature (333 K) and increase with temperature at constant 
pressure (35 MPa) [54].    
 
2.12.2 Determination of Solubility of Valuable Compounds in ScCO2 by 
Equation of State Methods 
The tunable nature of the solubility of diverse compounds in supercritical fluids makes SFE 
technology attractive for many separation and purification processes over conventional 
processes. A number of experimental techniques have been developed for this purpose. 
Although solubility measurements in scCO2 are the first major step in evaluating the 
viability of the SFE, thermodynamic modeling can provide feasibility analysis and mitigate 
the number of experimental measurements required [30]. In this section, an overview of 
the progress made for modeling the solubility measurements of some selected chemicals 
in scCO2 by EoS are compiled here.  
Burgos-Solorzano et al. [55] studied the solubility of caffeine, uracil, and erythromycin in 
pure supercritical carbon dioxide at temperatures between 313 and 333 K and pressures up 
to 300 bar. The solubilities were experimentally measured and later modeled by the Peng 
Robinson EoS and binary interaction parameters were generated from regression of 




the experimental solubility data of caffeine and uracil quite accurately but maximum 
%AARD for estimation of erythromycin solubility data were around 41.4%.  
Zhao et al. [56] used the Peng Robinson EoS to model the solubility of moringa oleifera 
oil in scCO2. Different models such as Chratil, del Valle and Auilera, Adachi and Lu 
models were tested against the PR-EoS model. The authors found that PR-EoS model was 
not very accurate in describing the experimental data quantitatively due to the assumptions 
made for the solute (moringa oleifera oil) having only triolein as the triglyceride component 
when in reality M. oleifera oil contains triglycerides, fatty acids and tocopherols.  
In another study, Coutsikos et al. [57] evaluated the use of a predictive EoS (linear 
combination of Vidal and Michelsen mixing rules) for solid-gas equilibrium (SGE) for 
binary and ternary systems including systems with co-solvents. This EoS is based on the 
Peng Robinson EoS and a suitable Excess Gibbs free Energy model and was based on their 
enormous use for predicting high pressure Vapor-Liquid Equilibria (VLE) including gas 
and polar compounds. The results of their study suggests that the LCVM model can be 
applied to the prediction of SGE of compounds in scCO2. However, this method is limited 
by the availability of group interaction parameters between some special groups and the 
gas. Hence, LCVM and related models cannot be so far applied to many systems containing 
nitrogen like caffeine, amino-benzoic acid, acridine, and co-solvents like tributyl-
phosphate and halogen compounds like chlorophenols.   
Haghtalab et al. [58] modeled the cloud point pressure of various types of poly(lactic acid) 
with different molar masses and end chemical groups; and various types of poly(1-O-
(vinyloxy) ethyl-2,3,4,6-tetra-O-acetyl-D-glucopyranoside) with various molar masses 
using a modified Perturbed-Chain Polar Statistical-Associating-Fluid-Theory (PCP-SAFT 
EoS) by accounting for the quadrupole- quadrupole term in the PC-SAFT EoS to represent 
the interaction energy between carbon dioxide molecules and polymer segments. The 
results of the modeling showed that the present equation of state can correlate with the 
experimental cloud point data accurately providing a low deviation between the 




2.12.3 Statistical Modeling of Supercritical Fluid Extraction Processes 
Due to the large number of factors such as temperature, pressure, particle size, extraction 
time, amount of co-solvents, scCO2 flowrate, bed void fraction, initial moisture content 
affecting extraction yields obtained by SFE, the conventional one factor-each time method 
of experimentation, is a cumbersome and time consuming task, especially when many 
variables are involved in an experiment [59]. In addition, the interaction of various factors 
has to be considered as well. Hence, design of experiment (DOE) and response surface 
methodology (RSM) is used for prioritizing experiments and determining the important 
factor that are greatly influence the SFE of compounds from valuable resources.  
Response surface methodology (RSM) comprise of a group of mathematical and statistical 
techniques employed in the development of an adequate functional relationship between 
response of interest, y and a number of associated control variables denoted as  𝑥1, 𝑥2,….. 
𝑥𝑘 [60]. The mathematical representation of such a relationship is unknown but can be 
approximated to a low-degree polynomial model of the form: 
𝑦 =  𝑓′(𝑥)𝛽 +  𝜖                                                                                                                          (2.1)               
Where, 𝑥 =   𝑥1, 𝑥2,……… 𝑥𝑘 and f(x) is a vector function of p elements that consists of 
powers and cross-products of powers of 𝑥1, 𝑥2,……… 𝑥𝑘up to certain degrees denoted by 
d (≥ 1), 𝛽 is a vector of p unknowm constant coefficients known as parameters, and 𝜖 is 
the random experimental error assumed to have a zero mean.  𝑓′(𝑥)𝛽 represents the mean 
response, that is the mean response. Eq. 2.1 is a first degree model which is not frequently 
used in optimizing supercritical fluid extraction processes.  
The most important second order model commonly employed in RSM of SFE processes is 
as represented in Eq. 2.2:    
Y𝑖 = β0 + ∑ βiXi + ∑ βiiXi













The reason of considering a model in the form of Eq’s 2.1 and 2.2 and is explained viz., to 
establish a relationship, between y and 𝑥1, 𝑥2,……… 𝑥𝑘 that can be employed to predict 
response values for given set of controlled variables, to determine through hypothesis 
testing, significance of the factors whose levels correspond to 𝑥1, 𝑥2,……… 𝑥𝑘, and to find 
the optimum settings of 𝑥1, 𝑥2,……… 𝑥𝑘 that lead to maximum (or minimum) response 
over a certain period of [60-62]. In order to fulfill the above three objectives, a series of n 
experiments is done, where the response is measured values for the specified settings of 
the control variables. These settings constitutes the response surface design [61].  The most 
common second order designs are the 3k factorial, central composite and Box-Behnken 
designs. 
In dissertation, only the second-order design (Box-Behnken design) will be used for fitting 
second-order models shown in Eq. 2.2. Box-Behnken design provides three levels for each 
factor and comprise of a particular subset of the factorial combinations from 3k factorial 
designs. Meaning that k factors are considered, each at 3 coded levels (-1, 0, 1) and the 
number of experimental runs for this design is 3k.  The use of Box-Behnken is popular for 
SFE applications because it is an economical design and requires only three levels for each 
factor [60].  
A review of some of the design of experiment and response surface optimization studies 
on SFE extraction processes that have been done in the last decade is presented. Thana et 
al. [62] employed experimental design and response surface methodology to investigate 
the effect of operating temperature (313-353 K), operating temperature (30-50 MPa) and 
extraction time (1-4 hr) of scCO2 extraction on astaxanthin yields. The experiments were 
designed using central composite design (CCD) and the ANOVA analysis showed that 
temperature, extraction time and the interaction of temperature and pressure had significant 
effect on astaxanthin yields. The optimum conditions for astaxanthin yields for the 
investigated variables were found to be at 343 K, 50 MPa and 4 hr, which gave a yield of 
23.04 mg/g (83.78% recovery).  
Barbosa et al. [61] examined the optimization of supercritical fluid co-extraction of oil and 




enrichment with diterpenes such as katweol, cafestol and 16-O-methylcafestol. The 
analysis consisted of Box-Behnken design of experiments and response surface 
methodology, involved pressure (14-19 Mpa), temperature (313-343 K) and co-solvent 
addition (0-5 wt.%). The best extraction providing the highest extraction yield of 11.97 % 
(g oil/g spent coffee grounds) was found at 19 MPa, 328 K and using 5 wt. % of ethanol as 
a co-solvent.  The highest concentration of diterpenic compounds in scCO2 extracts was 
observed at 14 MPa, 313 K without the addition of ethanol.  
Rai et al. [59] modeled the scCO2 extraction of watermelon seed oil by DOE and response 
surface optimization. In their study, extraction temperature, pressure, seed particle size, 
CO2 flowrate and modified were used to examine the effects on extraction yield while other 
remaining factors were held constant at 250 min and 50g of seed was used. A small surface 
central composite design (SFCCD) was employed to optimize the extraction parameters to 
leading to a maximum value of cumulative extraction yield of watermelon (51.83 wt. %), 
which was obtained while operating at 333 K, 40 MPa, 15 g/min solvent flow and a particle 
size of 0.5 mm. The obtained experimental results were regressed using the second order 
input-output relationship model using Eq. 2.2, providing accurate fit of modeled and 
experimental data. ANOVA results for the quadratic model for cumulative watermelon oil 
yield showed that the parameters, temperature, pressure, particle size, CO2 flowrate and 
co-solvent were all significant with their p-values lower than 0.001 which showed excellent 
fit of experimental data.    
 
2.13 Overview of Dissertation 
The goal of this research project is to develop flexible separation methods for separation 
of valuable compounds using environmental friendly solvents. Microalgae biomass and 
pyrolysis oil of spent coffee grounds were employed as sources of generating useful 
compounds. In particular, the use of non-toxic solvents (pure and modified scCO2) was 
examined extensively for recovering oil which was rich in fatty acids from microalgae, 




caffeine. The proposed extraction methods comprising either ethanol/CO2 or modified CO2 
with soybean surfactant (N-A-PE) was found to be superior for extracting these compounds 
in regards to minimizing the volume of organic solvents and time as compared to using 
traditional extraction methods.  
 
The core of this dissertation is split into three sections, from the synthesis of a novel bio-
surfactant up until application, conclusion and recommendation for future research. In 
Chapter 3, the synthesis of a soybean surfactant that is of advantageous compatibility with 
CO2 based on solubility is presented. The purification procedure was performed by 
fractionation with acetone, ethanol and purification by liquid-liquid extraction and TLC is 
discussed in detail. The purity and molecular weight of this surfactant is determined using 
high pressure liquid chromatography (HPLC) and electrospray ionization with mass 
spectroscopy (ESI-MS). Solvent extraction of algae oil from algae was done using ethanol, 
methanol, hexane, Bligh-Dyer (chloroform/methanol/water) mixture, hexane/2-propanol 
mixture was done for 180 min, respectively. Then, the use of statistical process design with 
15 initial experiments for scCO2 extraction of algae oil was examined by RSM using Box-
Behnken design. Later, optimization by RSM is presented with emphasis on investigating 
the most influential process variables that will improve the extraction yield. After 
establishing and confirming the optimum conditions for the extraction in this case 
temperature (338 K), pressure (40 MPa) and flowrate (2 mL/min) when operating at 
constant extraction time of 120 min. Then, different co-solvent additions were examined, 
ethanol (5, 10 vol. %) and methanol (5,10 vol. %) were examined at low pressure (15 MPa) 
and at DOE determined optimum pressure (40 MPa), while the temperature was kept 
constant at 338 K. Later, the addition of 0.1, 0.175 and 0.3 g of the synthesized surfactant 
into scCO2 and EtOH/CO2 mixture was carried out to provide further elution of biodiesel 
convertible fatty acids from microalgae. Subsequently, the extracted oil obtained from 
different extraction methods listed earlier was transesterificated to produce their methyl 




In Chapter 4, solvent extraction of lutein, chlorophyll a and chlorophyll b from algae was 
done using ethanol, methanol, hexane, Bligh-Dyer (chloroform/methanol/water) mixture, 
hexane/2-propanol mixture, for 180 min respectively. Then, DOE and RSM using Box-
Behnken design with 15 initial experiments was studied for scCO2 extraction of these 
compounds.  
In Chapter 5, caffeine extraction from pyrolysis oil of spent coffee grounds was examined 
at various operating conditions, temperature 313-333 K, pressure (14.5-35.2 MPa) and time 
(10-30 min).  This approach was adopted in order to close the loop of the pyrolysis oil 
refining process since the non-caffeine fraction of the pyrolysis oil could be used as a 
pesticide while other portions as a biofuel, fulfilling the bio-refinery concept, which may 
help create an economical route for offsetting the high operating cost of processing biomass 
via pyrolysis. A Box-Behnken design was employed to detect the best extraction condition 
for caffeine from this complex mixture. Then, the solubility of caffeine in modified CO2 
with ethanol and methanol was examined experimental and predicted by Peng Robinson 
Equation of State to help explain the extraction curves. A modified Wilke-Chang equation 
was developed with the inclusion of the acentric factor for caffeine and CO2 while 
regressing experimental data of Lai and Tan. This method was superior to some 
correlations from literature (Original Wilke-Chang, Stoke Einstein, Funazukuri and Lai 
and Tan models). Then, the modified Wilke-Chang method was employed to calculate the 
diffusivity of caffeine in pure CO2. Polar co-solvents were added due to the polar nature of 
caffeine and increased solubility of caffeine in mixtures of ethanol or methanol in CO2. 
Then, a concluding remark on the findings from all these Chapters are presented. 
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3 Extraction of Algae Oil from Chlorella pyrenoidosa using 
Pure and Modified CO2 with Conventional Co-solvents and 
Acetylated Phosphatidylethanolamine 
3.1 Abstract 
In this Chapter, supercritical fluid extraction (SFE) was examined as a model system for 
extracting algae oil from Chlorella pyrenoidosa using pure and modified CO2 with 
conventional co-solvents and a natural surfactant, acetylated phosphatidylethanolamine. 
The synthesis and production of a soybean derived surfactant (acetylated 
phosphatidylethanolamine (N-A-PE)) was performed through acetylation and purification 
with solvent extraction and thin layer chromatography. HPLC and ESI-MS were utilized 
to confirm purity of the acetylated product. Then, the solubility of the surfactant in scCO2 
was done and observed using a high pressure view cell showing that N-A-PE was soluble 
in dense CO2 at condition 313 K and above 9 MPa. Microalgae (Chlorella pyrenoidosa) 
oil was extracted by conventional and novel extraction methods using pure and modified 
CO2. The recovered algae oil was characterized by FT-IR to determine the major functional 
groups found in triglycerides and free fatty acids. DOE and RSM of the SFE process using 
pure CO2 was done optimize the process conditions, which were found via response surface 
optimization to be 40 MPa, 338 K and 2 mL/min at constant extraction time of 120 min. In 
addition to treatment with pure CO2 extraction, different solvents mixtures were examined 
at the optimum condition determined from RSM. The best oil yield was obtained using 5% 
EtOH/95% CO2 at a surfactant:algae mass ratio of 0.6 which gave 52 wt. % oil yield. The 
collected microalgae oil was transesterificated to produce bio-diesel and later analyzed by 
GC-FID. The best FAME yield was obtained from 5% EtOH/95% CO2 at a surfactant:algae 
mass ratio of 0.6 which gave 52 wt. % oil yield.  
Keywords: Algae oil, Chlorella pyrenoidosa, Supercritical fluid extraction, Supercritical 
carbon dioxide, Acetylated Phosphatidylethanolamine, design of experiment, response 





There has been a major research focus on the cultivation of microalgae for the production 
of biofuels and valuable chemicals. This focus has been expedited by the increasing global 
energy demand coupled with the environmental effects of petroleum based transportation 
fuels and chemicals [1]. Among all the possible biofuels that can be produced from 
microalgae, biodiesel has been widely studied due to its environmental contribution by 
carbon dioxide reduction and its use as a substitute for petroleum [2]. In addition, microalga 
also has several advantages compared to energy crops, which include high lipid content, 
high growth rates, short growth times, high biomass production, and low land use [2-4]. 
Microalgae can be grown on marginal land either in open pond systems or in closed 
photobioreactors with wastewater as a source of nutrients, thus eluding the demand for 
fresh water for algae cultivation [5].  However, there has been several limitations for the 
use of microalgae lipids for biodiesel production due to various economic and 
technological obstacles. For example, microalgae has low lipid productivity, and 
harvesting and extraction technology barriers [4].  
 
Microalgae lipid is conventionally extracted from the dried or wet biomass by organic 
solvents using Soxhlet or other conventional extraction techniques [2, 4]. Even as organic 
solvents can extract oils from solid matrices, their selectivity is usually low and the extracts 
will still contain high amounts of solvent, which can require a further distillation step [5]. 
In addition, cell disruption by several methods include autoclaving, bead-beating, 
microwave, sonication and osmotic shock can be used to enhance lipid yield from 
microalgae. For example, Lee et al. [2] studied the use of disruption methods to facilitate 
lipid extraction from microalgae using autoclaving, bead-beating, microwave, sonication 
and osmotic shock method. They found that microwave produced the highest lipid content 
of 28 wt. % using microalgae (Botryococus specie) as a feedstock. However, the use of 
microwave to enhance lipid recovery is energy intensive. Alternatively, supercritical CO2 
has been widely employed for extracting lipids from microalgae due to several advantages 
including: production of solvent-free crude lipids, rapid mass transfer, environmentally 




the industrial use of organic solvents, like hexane, methanol and methylene chloride via 
their environmental emissions and waste products, have led to research studies to develop 
green processing technologies that will reduce or eliminate pollution from extraction 
processes. Hence, supercritical carbon dioxide has emerged as a feasible alternative to 
organic solvents for several applications, including extraction of pharmaceutical, 
nutraceuticals and polymerization. Solana  et al. [6] examined the use of Supercritical CO2 
for extracting essential fatty acids with a low  ⍺-linoleic acid: ⍺-linolenic acid (ω6: ω 3) 
ratio from microalgae of Scenedesmus obliquus,  Chlorella protothecoides and 
Nannochloropsis salina. Their results showed that microalgae Scenedesmus obliquus is the 
best source for ⍺-linolenic acid among the three microalgae species studied and the 
maximum extraction yield (24 wt. %) was obtained at 30 MPa and 338 K using a supply 
flowrate of 83 mL/min of CO2 and 5% of ethanol as a co-solvent. However, the highest 
amount of ⍺-linolenic acid was obtained at 313 K, 15 MPa after 30 min extraction time.  
 
In another study, scCO2 extraction was studied as a method for recovering lipids from  
Nannochloropsis sp., Chlorella sp. and Scenedesmus sp. and the results were compared to  
conventional methods of Soxhlet and Bligh-Dyer. The authors found that lipid extraction 
with CO2 is an economical and environmentally friendly technique which may 
considerably reduce the extraction time as compared to conventional extraction methods 
[7]. The yields obtained from this method provided a lipid yield and fatty acid methyl ester 
(FAME) yield similar to that of Soxhlet and Bligh-Dyer extraction method. However, this 
yield did not surpass the conventional extraction method.  Hence, the need for the 
development of an environmentally friendly natural surfactant to enhance the lipid 
extraction would be very useful. For good surfactants in scCO2, previously, various classes 
of polymers have shown significant solubility in CO2 including amorphous (low melting) 
fluorinated polymers and polysiloxanes [8, 9]. Several authors have found that the addition 
of acetate side chains to silicones, sugars and polymers may lead to high solubility of these 
compounds in liquid and scCO2 [10-14]. Previously our group showed that acetylated 
soybean derived lecithin surfactants showed promising solubility in supercritical CO2 [10]. 
The solubility of acetylated PE was determined by in-situ FT-IR and cloud point 




gave cloud point pressures of 12.4, 13.4 and 14.1 MPa at temperatures of 313, 333 and 343 
K, respectively.  
Soybean lecithin is a complex mixture of phospholipids, triglycerides, and other 
substances derived from different soybean oil-refining processes [10]. The major 
phospholipids found in lecithin include: phosphatidylethanolamine (PE), 
phosphatidylcholine (PC), phosphatidylinositol (PI), and phosphatidic acid (PA) with other 
minor components [10, 15]. Phospholipids are polar conjugated lipids with a hydrophilic 
head and hydrophobic tail, hence they are amphipathic molecules, which enables self-
assembly of these molecules into various structures in solvents [10].  As a result of their 
surface activity, they prevent surfaces from sticking together, e.g in the lungs of infants, 
where they act as lung surfactants [10, 16]. The chemical structure of major phospholipid 





Scheme 3.1:  Basic structure of phospholipids found in soybean lecithin. 
Table 3.1: Phospholipid content in soybean lecithin with their corresponding head 
groups (X) shown in Scheme 3.1. 






























In this chapter, the development of an environmentally friendly extraction method with 
the use of CO2 and a synthesized soybean surfactant (N-A-PE) plus polar organic solvent 
(ethanol) is proposed to elute lipids from microalgae. Soybean lecithin was fractionated 
with acetone and ethanol to recover high purity phospholipids from the mixture. Then, 
acetylation of the PE mixture will be conducted to enhance the separation of PE from the 
various phospholipid mixtures. Later, the solubility of the acetylated product will be tested 
for PE compatibility in scCO2. Subsequently, the oil extraction by pure scCO2 was modeled 
by design of experiment and response surface optimization to determine the optimum 
process condition for extraction. The conditions studied for the extraction were 
temperatures 318, 328, 338 K, pressure of 15, 27.5 and 40 MPa and flowrate of 1.3 to 2 
mL/min. Then, ethanol, methanol and mixture of ethanol-N-A-PE were studied as co-
solvents in scCO2 to enhance oil recovery from microalgae Chlorella pyrenedoisa.  
 
3.2 Experimental Section 
3.2.1 Materials 
    Crude bleached soybean lecithin was obtained from CanAmera Foods (Hamilton, 
Ontario). Ultra high purity liquid carbon dioxide (99.99%) was used as the solvent, which 
was further purified to SFE grade by a purification column (P600-1, Valco Instrument Co. 
Inc, Houston, USA). Acetic anhydride, triethylamine, calcium carbonate and HPLC grade 
of phospholipid standard  containing L-⍺-PE, L-⍺-PC and L-⍺-PI were purchased from 
Sigma Aldrich, St. Louis, Missouri, USA. High purity grade nitrogen, air and hydrogen 
were purchased from Praxair, Mississauga, Ontario, Canada. All other chemicals were 
purchased from Sigma Aldrich, St. Louis, Missouri, USA. Freeze dried Chlorella 
pyrenoidosa (green microalgae) powder was purchased from Herbies Herbs, Toronto, 
Ontario, Canada and the sample was stored in the refrigerator at 277 K. Fatty acid methyl 
ester (FAME) mix (C8-C24) standard were purchased from Sigma Aldrich, Oakville, 
Ontario, Canada. Glass beads (3 mm) was purchased from Fischer Scientific (Toronto, 






3.2.3 Separation of Lecithin by Soxhlet Extraction 
           Soxhlet extraction of soybean lecithin was done using acetone and ethanol to obtain 
different fractions of lecithin rich in triglyceride and phosopholipids.  50 g of lecithin was 
placed in a cellulose thimble and placed inside the Soxhlet apparatus. Acetone (1.5 L) was 
used to de-oil the lecithin leading to removal triglycerides for 2 h  extraction time. The 
neutral lipids (triglyceride fraction) were collected and the de-oiled lecithin was re-
extracted with 1.2 L of ethanol for another 2 h. The ethanol soluble and insoluble fractions 
were then dried under vacuum and stored in a refriegerator at 253 K until HPLC and ESI-
MS analysis. 
3.2.4 Acetylation of Phospholipid Mixtures 
        The amine groups of L-⍺-PE was acetylated with acetic anhdyride according to the 
method used by Nasir et al. [10]. First, a 39.3g of phosopholipid mixture was dispersed in 
200 mL of hexane. Then, excess acetic anhydride (1.5 mol), along with triethylamine 
(TEA) (2 × volume of acetic anhydride) were added. A total of 5 mL of acetic anhdride 
was added to the reaction based on the PE content determined from HPLC analysis (9.23 
g).  The acetylated compounds were neutralized by adding about 0.5g of CaCO3 until the 
pH was neutral. Then, liquid-liquid extraction of the acetylated product was performed  by 
adding 5 mL of chloroform and hexane to separate water from the acetylated product. Then, 
magnesium sulphate was added to the solution to recover any water formed. The resulting 
solution was shaked for 5 min and centrifuged for 5 min at 2500 rpm and 298 K. The top 
and bottom layer containing hexane and chloroform insoluble was discarded while the 
chloroform layer (middle layer) was collected for further purification. The acetylation 





Scheme 3.2: Acetylation reaction for the synthesis of N-A-PE. 
3.2.5 Purification of L-A-PE from Acetylated Phospolipid Mixtures 
In this study, a silical gel column chromatography (75 cm×5 cm i.d. glass tube) 
equipped with a solvent reservoir and a valve to control the flowrate of eluent was used for 
the purification of acetylated L-⍺-PE from acetylated phospholipid mixtures. The silical 
gel was dried in a furnace at 373 K to remove its moisture content. The mobile phase for 
separating acetylated L-⍺-PE  from the indivial components was developed by immersing 
a silical gel coated thin layer (TLC) chromatography plate in a hexane:ethyl acetate ratio 
(60:40, v/v), leading to a retention factor (Rf) value of 0.39. Later, the exit of the column 
was plugged with cotton and white sand (0.2 g) to retain any solid.  About 2 L of the mobile 
phase was mixed with 70 g of silca gel and poured into the column. The top layer of 
hexan:ethyl acetate mixture was allowed to flow through the column until the level was 
above 0.5 cm from the top of the silical gel.  
Around 15 mL of the acetylated phospholipids containing L-⍺-PE was poured onto 
the column. Then, a total of 550 mL of hexane:ethyl acetate (60:40, v/v) was poured into 
the column in batches while collecting the extract. All the extract fractions were recovered 




at ambient temperature (298 K). The first fraction, which contains mostly, L-⍺-PC and L-
⍺-PI was obtained after elution with 400 mL of hexane:ethyl acetate mixture (60:40, v/v), 
while the L-⍺-PE fraction was eluted with the next 150 mL of this mobile phase. The 
flowrate used for each collection was about 5 mL/min. The flow chart for the separation, 
acetylation reaction steps and purification of L-⍺-PE from crude lecithin and their 
acetylated mixtures are presented in Figure 3.1. 
 
Figure 3.1: Flow chart showing the Soxhlet extraction, acetylation reaction steps and 
purification of L-⍺-PE from crude lecithin. Extraction condition: 329.2 K for acetone 
extraction and 333 K for ethanol extraction. 
3.2.6 TLC, HPLC and ESI-MS Analysis 
   The individual components of each fraction of the acetylated products were 
identified and quantified by TLC and HPLC, respectively. The TLC plates were developed 
using hexane:ethyl acetate mixture (60:40, v/v), similar to section 3.2.5. After, collection 




mL of the mobile phase in the solution. Later, the samples were collected using a capillary 
tube and place on the TLC plate, which was immensed in a solvent reservoir containing 
around 1mL of the mobile phase solution for analysis. After air-drying,  the spots on each 
plate were visualized by exposing the chromatogram to a UV lamp (254 nm). The spots 
were indicated by a purple color, while each plate’s Rf values were recorded.  
        The quantification of purified acetylated L-⍺-PE was done using a high pressure liquid 
chromatography system (HPLC) (Shimadzu, DGU-20A3, Canby, USA) equipped with a 
C18 Waters column (Phenomenex, 00D-4601-E0, Torrance, CA, USA). The column 
dimensions are 100 mm × 4.6 mm i.d with 5 µm particle size with a pore size of 100 Å.  
Sample dilution and calibration of phospholipid mixtures were done by dissolving around 
6.2 mg of phospholipid mixtures in 1.2 mL hexane:isopropanol ratio (1:1, v/v) leading to 
an equivalent concentration of  5.1 g/L. A series dilution of L-⍺-PE, L-⍺-PC and L-⍺-PI 
was carried out to produce concentrations of 10, 20, 30, 40 and 50 mg/L. Each individual 
concentration was filtered using a Promax syringe filter (0.22 µm) and subsequently ultra-
sonicated for 5 min prior to HPLC analysis to enable complete dissolution of each sample 
in hexane:isopropanol mixture  (1:1, v/v). A linear calibration curve of external standards 
of L-⍺-PE, L-⍺-PC and L-⍺-PC was generated with a resultant coefficient of determination 
(R2) of 0.99. The calibration of acetylated L-⍺-PE was done to determine its % conversion. 
The mobile phases for phospholipid elution consisted of: (A) hexane (70 % v/v), and (B) 
formic acid (0.1 %, v/v) in Isopropanol. The HPLC conditions were optimized to ensure 
the best separation of phospholipid components by minimizing the total analysis time to 
22 min using isocratic elution. A typical mobile phase flow rate of 1 mL/min was utilized. 
The autosampler injector was employed to inject equal aliquot volumes of 5 µL for 
different samples with a run time of 22 min. A UV/Vis detector operated at 210 nm was 
utilized for selective detection of all phospholipid components. 
     ESI-MS analysis of the purified acetylated N-A-PE was done using Bruker Daltonics 
Reflex IV micro time-of-flight (microTOF II) instrument equipped with a linear/reflectron 
mass analyzer in the positive ion mode. The samples were dissolved in CH2Cl2 and diluted 
to a final conccentration of 1 g/L. The sample was injected into the mass spectrophotometer 




m/z, set capillary (4000 V), set end plate offset (-450 V), set nebulizer (1 bar), desolvation 
temperature (573 K) and a dry gas flowrate of 6 L/min.     
 
3.2.7 Measurements of Cloud Point Data of N-A-PE in ScCO2  
      The cloud point data of N-A-PE in scCO2 system was examined using a high pressure 
phase monitor (Thar Technologies, SPM 20, Pittsburg, USA) designed to operate at 
pressures up to 689 bar and temperature up to 423 K. The volume of the equilibrium cell 
is 20 mL with 5 mL dead volume and the cell is equipped with a sapphire window and six 
openings for injection and removing the gas, thermocouple, CCD camera, rupture disk and 
a pressure controller. The pressure and temperature was measured by a pressure and 
temperature gauge (Thar, Pittsburg, USA). During each experiment, the equilibrium cell 
was loaded with 20 mg of N-A-PE and the cell was heated to reach isothermal conditions 
(313, 318, 323, 328, 333, and 338 K). Subsequently, CO2 was added to the cell at constant 
pressure ranging from 8 MPa and the mixture was stirred using a Croschopp, Tachometer 
(PM6015, USA) for 30 min to reach equilibrium and the system was allowed to stand for 
30 min to ensure complete dissolution of N-A-PE in scCO2. The content of the view cell 
was slowly depressurized at a rate of 3 × 10−2 MPa to obtain the cloud points which were 
observed through the sapphire window using a CCD camera (Cannon, ELPH 100 HS, 
USA).  
 
3.2.8 Conventional Extraction Methods 
Freeze dried microalgae was extracted by different conventional methods including: 
Soxhlet extraction with ethanol and methanol, Bligh-Dyer with chloroform: 
methanol:water ratio of (1:1:0.9, v/v/v), Hexane and Hexane:2-propanol extraction. These 




3.2.8.1 Soxhlet Extraction 
0.395 g of microalgae was quantified by gravimetric analysis and placed into a cellulose 
thimble filter (33 ×118 𝑚𝑚, WhatmanTM, UK), the filter was installed in a Soxhlet 
extractor and the extraction was performed using 150 mL of ethanol and methanol in a 
batch extraction while collecting the extracts every 45 min up to 180 min, while condensing 
the solvent at the boiling point of solvents examined, respectively. The total oil yield was 
determined by Soxhlet extraction with 150 mL of ethanol for 240 min continuous. After 
the extraction, the oil was collected, dried under vacuum and quantified to determine the 
oil and FAME yield. This was adopted since Soxhlet extraction provides a high oil yield 
from microalgae. 
   
3.2.8.2 Bligh-Dyer Extraction 
10.6 gram of microalgae was quantified and placed in a beaker, and 100 mL of chloroform, 
100 mL of methanol and 90 mL of distilled water was added leading to a ratio of 1:1:0.9 
v/v/v. The mixture was stirred at 150 rpm while collecting the extract every 45 min up to 
180 min. The stirred sample was filtered using a glass fiber filter (0.22 µm) to separate the 
solid from the liquid phase. The resulting solution (oil and solvent) mixture was then place 
into a separation funnel to separate water (top layer) from the bottom layer (chloroform, 
methanol layer).  Later, the solvent from the chloroform layer was dried under vacuum. 
After each collection, the extraction the residue was dried and fresh solvent with the same 
quantity was added leading to a total solvent consumption of 1.16 L. Then, the oil and 
FAME yield was quantified.   
 
3.2.8.3 Extraction by Hexane and Hexane:2-propanol 
0.33 gram of microalgae was quantified and placed in a beaker, and 100 mL of hexane was 
added. The mixture was stirred at 150 rpm while collecting the extract every 45 min up to 
180 min. The stirred sample was filtered using a glass fiber filter (0.22 µm) to separate the 




After each collection, the extraction the residue was dried and fresh solvent with the same 
quantity was added leading to a total solvent consumption of 0.4 L. Then, the oil and FAME 
yield was quantified.   
 
3.2.9 Supercritical CO2 extraction of Microalgae Oil 
A supercritical fluid extraction system, SFX 2-10 system supplied by Isco Teledyne, USA 
has been used for the extraction of algae oil using scCO2 (Figure 3.2). The details of the 
setup were provided previously by Wood et al. [17] which was modified with the addition 
of a high pressure separator and temperature controller (TC1, PXR4, South Burlington, 
USA) and a temperature restrictor (TC2 and TC3, Teledyne Isco, Lincoln, NE, USA) for 
the separator and collection valve (V-7), respectively. The extraction cell temperature 
controller was used to maintain a steady temperature in the extractor (offset ±0.2 K) while 
the temperature restrictor (offset of ±0.3 K) was used to heat the extract outlet valve to 
prevent solvent or solute precipitation following depressurization. Isco syringe pumps 
(260D and 100D for modifier) were utilized for all SFE experiments.  
For the pure and modified scCO2 extraction experiments, about 0.5 g microalgae feed 
was weighed using an analytical balance (Mettler-Toledo, PB153, Lincoln, NE, USA). CO2 
was supplied at a flowrate of 1.3-2 mL/min. Pressure controllers (PC1 and PC2) were 
utilized to control the pressure and flow rate of CO2 prior to introduction into the extractor 
cell. The extractor was sealed, checked for leakage, and purged with CO2 and co-solvent 
(acetone) to remove any impurities. The experiments using the soybean surfactant was 
packed in the order: (i) high pressure filter (ii) glass wool of 0.1 cm, (iii) glass beads 
(height= 1 cm) was placed at the bottom of the cell, (iv) 0.5 g of microalgae was placed in 
the 10 mL 316 SS extractor unit (v) surfactant and (vi) 0.1 cm of glass beads was placed 
on top the bed of microalgae. The experiments without the surfactant, was packed in the 
order with the exception of the surfactant layer in the extractor bed. The SFE experiments 
were conducted in a semi-batch mode using different isothermal temperatures (318, 328, 
338 K) and constant pressures of 15, 27.5, 40 MPa. The oil-CO2  in the system was allowed 




were made after every 20 min of extraction resulting to 40, 60, 80, 100, 120 min extract 
collections.  
The experimental solubility values were obtained by capturing the oil analyte leaving 
the separator in a glass vial filled with 5 mL of ethanol, assuming that the solute-solvent 
system reaches equilibrium as the solvent flows over the solute. At the end of each 
extraction experiment, the weight of analyte was determined gravimetrically and the 
analyte was placed into 30 mL vials for subsequent quantitative analysis, while the residual 
CO2 in the extractor cell was released from the system via the vent valve (V-8).  
 
Figure 3.2: Process flow diagram of the SFE used for extraction of algae oil showing 
the extractor packing: (I) high pressure filter, (II) glass wool, (III) glass beads, (IV) 
microalgae, (V) surfactant and (VI) glass beads. 
 
3.2.10 Gas Chromatography Analysis of FAME 
The high boiling free fatty acids (FFAs) are converted into low boiling point fatty acid 
methyl esters (FAME) by the methods suggested by Rashid et al. [18] and Orr et al. [1], 
briefly 5 mL of methanolic KOH was added to 100 mg of extracted microalgae oil and 




was cooled to a room temperature, 5 mL of Hexane and 2 mL of distilled water was added 
and separated into an organic and aqueous phase by centrifugation. The organic phase was 
collected and dried under vacuum at 298 K to remove the solvent. The product (FAME) 
collected after drying was diluted with hexane to concentrations of 1000, 2000, 3000 and 
4000 mg/L and then analyzed by GC (Shimadzu, C114845, USA) equipped with a flame 
ionization detector (FID). The concentration of individual and total FAMEs was 
determined from calibration of FAME standard (C8-C24) correlation and a DB-WAX 
column (30 ×0.25 𝑖. 𝑑, 0.25 𝜇𝑚 film thickness, 122-7032, USA) was used as a GC 
column.   Analysis was conducted using a 1 µL injection of the sample into the system. 
The initial column temperature was kept constant at 413 K for 4 min and a temperature 
was increased to 453K while holding for 5 min and lastly, increasing the temperature at a 
rate of 288 K/min to reach 523 K, held constant for 5 min. Here, a flowrate of a carrier gas 
(He) was 1 mL/min, and temperatures of an injector and a detector was maintained at 523 
K. The injector temperature was kept constant at 473 K and injections were done using the 
split injection mode.  
 
3.2.11 Design of Experiments for Supercritical Fluid Extraction of 
Microalgae Oil 
DOE was used to judge the efficacy of the oil extraction process directly or indirectly by 
analyzing different process variables such as; extraction temperature, pressure, CO2 
flowrate. This was done since the traditional one-factor each time experiment is 
cumbersome and time consuming especially when large number of variables are involved 
in an experiment and also neglect the interaction of these complex parameter [19]. In this 
chapter, SFE temperature, pressure and time are used to examine the effect of extraction 
yield and other remaining parameters have been kept at favorable constant values such as 
particle size of 2 µm, extraction time of 120 min and amount of algae of 0.5 g.  
A Box-Behnken design using 15 experimental runs was chosen to study the oil extraction 
with the experimental runs performed in a randomized order, [20] then  fit to the classical 




oil/mg microalgae, %) of oil obtained by SC-CO2 extraction was predicted as a function of 
independent variables as shown by equation (3.1):  
Y𝑖 = β0 + ∑ βiXi + ∑ βiiXi









                                                                (3.1) 
      Here, Y𝑖  is the predicted oil yield (wt. %), β0 is a constant, βi are model regression 
coefficients associated to linear effects, βii are regression coefficients linked to quadratic 
effects, and βij are regression coefficients for interaction effects, Xi and Xj are the levels of 
the independent variables examined (temperature, pressure and flowrate). The different 
levels and process variables considered for the extraction procedure from microalgae is 
provided in Table 3.2. The pressure and temperature range was chosen since microalgae 
oil has been known to have high solubility in the range of this operating conditions [4]. 
The accuracy of the model was determined by evaluating the lack of fit, coefficient of 
regression (R2), the Fisher test (F-Value), and null hypothesis using a P-value obtained 
from analysis of variance (ANOVA).  
 
Table 3.2: Process variables studied for the scCO2 extraction of microalgae oil. 
Variable  Factor                                                                                  Levels   
    Low (-1) Medium (0) High (+1) 
Temperature (K) X1 318 328 338 
Pressure (MPa) X2 15 27.5 40 





3.3 Results and Discussion 
3.3.1 Analysis of Acetylated PE 
The fractionation of phospholipid mixture rich in phosphatidylethanolamine (PE) from 
soybean lecithin was performed by acetone and ethanol. The triglyceride and free fatty acid 
fraction was separated with acetone from the mixture of phospholipids providing a white 
powder known as the de-oiled lecithin fraction. Then, the de-oiled lecithin was fractionated 
with ethanol to separate the low phosphatidylethanolamine content from the high 
phosphatidylethanolamine content (ethanol insoluble fraction) from the phospholipid 
mixture. HPLC analysis of the crude soybean lecithin mixture was examined by comparing 
the crude lecithin with a phospholipid standard. The results revealed the presence PE, PC, 
PI in the ethanol fraction but enriched with PC (Figure 3.3a and 3.3b). These results were 
also reported by other authors [21, 22]. 
N-acetylation was done using the ethanol fraction to produce a compound (N-A-PE). The 
acetylation reaction was done using 1.5 mol of acetic anhydride based on PE content to 
enable acetylation [23-25] and triethylamine (TEA) was used to speed up the reaction 
between the amino group and the acetylating agent [10]. The reactant (PE) was monitored 
by HPLC to determine the conversion of PE to N-A-PE from residence time of 10 to 60 
min. The conversion of PE to N-A-PE was determined based on the calculated weight loss 
(wt.%)  of PE after every 10 min (obtained by HPLC calibration), which showed that 
almost all the phosphatidylethanolamine (PE) was converted after 10 min leading to a % 
conversion of 99% (Figure 3.3a). This showed that fast kinetics can be achievable to 
produce soybean surfactant (N-A-PE). After reaction completion, the acetylated product 
was separated with acetone and purified by column chromatography for further HPLC 
analysis. After purification, the N-A-PE was found to have a single peak (100 % purity) 
with a retention time of 2 min using the developed HPLC method explained in section 3.2.6 





Figure 3.3: (a) Conversion of phosphatidylethanolamine to N-A-PE, (b) HPLC 
spectra of phospholipids standard containing L-A-phosphatidylcholine (L-A-PC) 
from soybean, L-A-phosphatidylethanolamine (L-A-PE), L-A-phosphatidylinositol 
(L-A-PI) and the purified N-A-PE. 
The acetylation generated a pure compound (N-A-PE) with a retention time of 2 min which 
had a longer retention time compared to the crude phospholipid and the authentic 
phospholipid standard as analyzed by HPLC. The ESI-MS analysis confirmed the 
molecular weight of N-A-PE to be 780.6 amu which was also reported in the work of Nasir 
et al. [10], although they obtained a mixture of this surfactant.  Using the negative ion ESI-
MS spectra for the acetylated PE (Figure 3.4) show ions from the negative charged acetyl 
lecithin fractions. The major components from N-A-PE can be proposed to be contain two 






Figure 3.4: ESI-MS spectra of acetylated phosphatidylethanolamine obtained after 
purification by column chromatography. 
 
3.3.2 Solubility of N-A-PE in ScCO2 
The solubility of acetylated phosphatidylethanolamine (N-A-PE) in pure scCO2 was 
determined by cloud point measurements (Figure 3.5) using a procedure explained in 
section 3.2.7.  The measurements were done at isothermal conditions of 313-338 K while 
increasing the supercritical fluid pressure above 9 MPa-40 MPa and then slowly 
depressuring the system at a rate of 3 × 10−2 MPa to obtain the cloud points. The cloud 
point measurements were repeated three times. According to the results of Figure 3.5, N-
A-PE was more soluble in dense CO2 above 8.5 MPa and at 313 K. However, working at 
higher temperature (> 313 K) leads to a slight decrease in solubility of this surfactant in 
supercritical carbon dioxide.   This result was similar to those obtained by Chirat et al. [26] 
who studied cloud point data of copoplymer and polymers in scCO2 and found that this 






Figure 3.5: Cloud points of N-acetylated phosphatidylethanolamine (N-A-PE) in 
dense CO2. 
 
3.3.3 Extraction of Microalgae Oil using Organic Solvents 
The oil content from Chlorella pyrenoidosa was determined using different extraction 
methods (Soxhlet, Bligh-Dyer, hexane, hexane:2-propanol) as presented in Table 3.3. The 
extractions were conducted in a semi-batch mode by collecting and drying different 
extracts every 45 min up to a maximum extraction time of 180 min. As can be seen in this 
Table, ethanol and methanol Soxhlet extraction gave similar oil yields from dry 
microalgae, providing the highest yields of 9.6 ± 0.20 wt. % after 180 min compared to 
Bligh-Dyer extraction, hexane:2 propanol and hexane extraction. In contrast, Bligh-Dyer, 
hexane:2-propanol and hexane gave yields of 6, 3 and 0.3 wt.%, respectively. The obtained 
highest organic yield using ethanol was close to literature findings of Kwak et al. [7], which 
provided 8.8 wt.. % using hexane Soxhlet extraction with 300 mL hexane after 24 h 
extraction. Their method led to the higher yield with hexane since they worked with a 
different microalga (Nannochloropsis sp.) which contained more non-polar lipids. The FT-
IR spectrum of the algae oil is measured in the range of 400-4000 cm-1 and is shown in 




are considered.  The fatty acid contained in these oils were transesterificated with 
methanolic KOH to produce their methyl esters (FAMEs) which was analyzed by GC and 
will be discussed in detail later.  
Table 3.3: Extracted oil yield from Chlorella pyrenoidosa obtained using conventional 
solvent extraction method. 
 Temperature Vol. of solvent  Oil yield 
Extraction method (K) (L) (wt. % of dry algae) 
Ethanol Soxhlet 351 0.4 9.6 ± 0.20 
Methanol Soxhlet 338 0.4 9.5 ± 0.15 
Bligh-Dyer 295 1.2 6.0 ± 0.05 
Hexane:2-propanol 295 0.3 3.0 ± 0.06 
Hexane 295 0.4 0.6 ± 0.05 
 
3.3.4 DOE and Response Surface Analysis 
An initial Box-Behnken design of experiments was carried out to examine the influence of 
process variables (temperature, pressure and flowrate) on the SFE-CO2 extraction of oil 
from Chlorella pyrenoidosa (see Table 3.4). The experimental results with corresponding 
run number, process variable and their corresponding experimental values of oil yield (wt. 
%) and oil solubility (g oil/L CO2) are presented in Table 3.4 along with their standard 
deviation. The different SFE-CO2 experiments in the DOE approach gave a range of  
experimental oil yields (0.82-5.62 wt. %) and oil solubility (0.023- 0.84 g/L) as shown in 
Table 3.4. These yields and solubilities of algae oil were determined by quantitative HPLC 
(see Appendix). In comparison to literature data, Kwak et al. obtained similar oil yield 
amounting to 6.9 wt. % using conditions of 40 MPa, 323 K, extraction time of 1 h and a 





Table 3.4: Cumulative extraction yield (mg oil/mg dry algae, %) and oil solubility 
(g/L) obtained at different experimental conditions proposed by DOE for oil 
extraction. 
 Temperature Pressure Flowrate Oil yield Oil solubility 
Run no. (K)  (MPa)  (mL/min)  (wt. %)  (g oil/LCO2) 
1 318 40.0 1.65 1.77 ± 0.024 0.230 ± 0.04 
2 328 27.5 1.65 1.18 ± 0.025 0.085 ± 0.02 
3 318 27.5 1.30 1.09 ± 0.017 0.026 ± 0.001 
4 328 40.0 1.30 2.09 ± 0.045 0.050 ± 0.012 
5 318 15.0 1.65 1.61 ± 0.014 0.029 ± 0.011 
6 318 27.5 2.00 0.87 ± 0.016 0.030 ± 0.014 
7 338 27.5 1.30 2.67 ± 0.014 0.050 ± 0.001 
8 328 27.5 1.65 1.17 ± 0.003 0.080 ± 0.001 
9 338 15.0 1.65 2.37 ± 0.066 0.230 ± 0.002 
10 328 27.5 1.65 1.17 ± 0.005 0.079 ± 0.002 
11 328 15.0 1.30 0.82 ± 0.006 0.024 ± 0.001 
12 328 40.0 2.00 2.73 ± 0.010 0.035 ± 0.002 
13 328 15.0 2.00 1.13 ± 0.008 0.047 ± 0.004 
14 338 40.0 1.65 5.62 ± 0.040 0.840 ± 0.020 
15 338 27.5 2.00 2.05 ± 0.030 0.210 ± 0.003 
 
The quadratic model is developed using the experimental values of oil yield reported in 
Table 3.4. The regressed quadratic model in terms of coded values used to predict oil yield 




Oil yield (wt. %) = 1.17 + 0.92T + 0.78P + 0.013F + 0.  77TP − 0.1TF + 0.08 PF  +
0.82𝑇2 + 0.85𝑃2 −
0.326𝐹2                                                                                                                                           (3.2) 
where, T is the temperature (K), P is pressure (MPa), F is CO2 flowarate (mL/min), TP is 
the temperature-pressure interaction, TF is the temperature-flowrate interaction and PF is 
the pressure-flowrate interaction with T2, P2, F2 are their respective interactions. ANOVA 
analysis of this quadratic model showed that extraction T and P are the most important 
variables investigated as shown in Table 3.5. A linear plot comparing the model predicted 
oil yields with the experimental yields is given in Figure 3.6. As can be seen, there is close 
matching between the experimental data with that predicted by the RSM design (R2 = 0.96 
and RAdj
2 = 0.9), showing the preciseness of the quadratic model and the Box-Behnken 
design of the SFE-CO2 system for microalgae oil yield.    
 
Figure 3.6: Linear plot between the experimental and predicted values by the 
quadratic second-order model in Eq. 3.2, in terms of studied dependent variables. 
Range of operating conditions: pressure (15-40 MPa), temperature (318-338 K) and 




ANOVA analysis (Table 3.5) showed that the second-order polynomial model adequately 
predicted the experimental data with a small p-value (< 0.05), indicating a significant effect 
on the oil yield. From the statistical analysis, it was found that oil yield was highly affected 
by T, P, T2, P2 and the interaction between T and P (TP). 
 
Table 3.5: Analysis of variance (ANOVA) for the polynomial model obtained from 
the DOE of microalgae oil. 
Source DF Seq SS Adj SS Adj MS F P 
Regression 9 19.698 19.698 2.189 12.650 0.006 
Linear 3 11.724 11.724 3.908 22.580 0.002 
T (K) 1 6.792 6.792 6.791 39.240 0.002 
P (MPa) 1 4.931 4.931 4.931 28.490 0.003 
F (mL/min) 1 0.002 0.002 0.002 0.010 0.929 
Square 3 5.520 5.520 1.840 10.630 0.013 
T (K)× T (K) 1 2.309 2.504 2.504 14.470 0.013 
P (MPa) × P (MPa) 1 2.819 2.643 2.643 15.270 0.011 
F (mL/min) × F (mL/min) 1 0.393 0.393 0.393 2.270 0.192 
Interaction 3 2.453 2.453 0.818 4.720 0.064 
T (K) × P (MPa) 1 2.386 2.386 2.385 13.780 0.014 
T (K) × F (mL/min) 1 0.040 0.040 0.040 0.230 0.651 
P (MPa) × F (mL/min) 1 0.027 0.027 0.027 0.160 0.708 
Residual Error 5 0.865 0.865 0.173     
Lack-of-Fit 3 0.865 0.865 0.288 45546 0 
Pure Error 2 0.000 0.000 0.000     




3.3.5 Analysis of Microalgae Oil Yield by Response Surface Analysis 
Response surface optimization of microalgae oil yield reported in Table 3.5 are analyzed 
using ANOVA to determine the correlation between oil yield and process variables studied 
(T, P, F). Three dimensional surface plots were generated after completion of optimization 
in order to visualize the combined influence of process variables (T, P and F) on oil yield 
(Figure 3.7). The results from the response surface curves, showed that 5.32 wt. % of the 
available oil was extracted at 40 MPa, 338 K, 2 mL/min at a constant extraction time of 120 
min, which is in good agreement with the experimental recovery of 5.62 wt. %. 
 
 
Figure 3.7: RSM curves showing the two parameter interaction on algae oil 




3.3.6 SFE-CO2/organic co-solvent for the extraction of algae oil 
The effect of extraction time, co-solvent % and pressure on the cumulative oil yield were 
studied with the addition of ethanol and methanol in CO2, both examined at 5 and 10%, 
respectively. The extraction conditions were done at constant conditions: 15 and 40 MPa 
at a flowrate of 2 mL/min while collecting the extacts at different time intervals from 40 to 
120 min. These organic solvents where chose as co-solvents due to their advantageous 
effects on lipid extraction from microalgae such as high lipid yield as a virtue of their 
polarity. However, this organic solvents will extract a majority of more polar lipids which 
could result in low extraction yield. Hence, several authors have shown that pair solvents 
with low dielectric constant (trichloromethane and hexane) when paired with polar co-
solvents (such as methanol or 2-propanol) and Folch (trichloromethane/methane) [1, 27, 
28] disrupt high energy complexes via hydrogen bonding with polar lipids. However, oil 
recovered using this solvent mixtures will contain more polar bimolecules like free fatty 
acids, chlorophyll, phospholipids, sterols and gangliodides [1]. In this section, we have 
combined the use of CO2 and organic co-solvents to measure the extraction yields from 
microalgae and the results are presented in Figure 3.8.  
As shown in this Figure, the extraction of oil was dependent on pressure, time and the co-
solvent % added to CO2. After extraction completion, it was found that the addition of 6 
mL ethanol to CO2 in percent (5% EtOH/95% CO2) gave the highest oil yield of 11 wt. %  
at maximum operating condition of 40 MPa and 338 K as compared to lower extraction 
methods which provided lower oil yield at 15 MPa using both 5% and 10 % to supercritical 
CO2. Also, it is important to note that the addition of 2 times the ethanol content (12 mL) 
to CO2 gave similar oil yield when operating at constant pressure (40 MPa) and time (120 
min).  This indicates that the effect of CO2 pressure was more significant for achieving a 
high oil yield, since a low amount of ethanol was required to increase the oil yield. The 
increase in oil yield can be attributed to the increase in polarity of the scCO2, the ethanol 
is rapidly caused to permeate into the cell wall of the microalgae and an affinity of a fluid 
to the polar lipid is increased and the increased solubility of oil into scCO2 mixture as 




also been reported also by several authors [4, 29], however these authors found a lower oil 
yield. 
Considering the addition of methanol to CO2, it was found that 10% MeOH/90% CO2 at 
40 MPa, 338 K gave an oil yield of around 7.4 wt.%, which performed better than other 
conditions using low pressure (15 MPa) at both 5 and 10% MeOH addition in CO2. It is 
important to note that the yields of algae oil obtained by scCO2 with the addition of ethanol 
(5% EtOH/95% CO2) and (10% EtOH/90% CO2) gave slightly higher extraction yield 
compared to extraction with pure ethanol and methanol soxhlet extraction (9.6%) which is 
shown previously in Table 3.3. 
 
   
Figure 3.8: Cumulative oil extraction showing the effect of extraction time, pressure 
and organic co-solvent on oil yield at isothermal condition of 338 K (a) EtOH/CO2 (b) 
MeOH/CO2. 
3.3.7 SFE using CO2-surfactant and CO2-surfactant-ethanol Coupled 
Extraction of Microalgae Oil   
To further increase the oil yield, the addition of synthesized soybean surfactant acetylated 




supercritical CO2. These additions were examined by placing the surfactant paste in the 
extraction cell while switching different mobile phases containing pure CO2 and CO2-
ethanol mixture (containing 5, 7 and 10%, v/v) was added to the algae/surfactant to form a 
solvent with both polar and non-polar properties (Figure 3.9). Ethanol was chosen as an 
additional mobile phase to the CO2-surfactant extraction due to its favorable polarity and 
high oil yield shown in Figure 3.8 as compared to methanol. This solvent mixture was used 
to extract the oil mixture from microalgae at the optimum extraction conditions determined 
by DOE and RSM (40 MPa, 338 K, 2 mL/min) at various extraction time of 40 to 120 min. 
Figure 3.9 presents the oil yield results using CO2-N-A-PE as a solvent as compared with 
those of CO2-N-A-PE-EtOH mixture. The maximum oil yield of 52 wt. % was obtained 
when employing a high N-A-PE:algae mass ratio (0.6) using 5% EtOH/95% CO2 as a 
mobile phase at 2 mL/min, 40 MPa and 338 K, which was 5 times higher compared to 
using pure organic solvent extraction and CO2-organic solvent mixture (5% EtOH/95% 
CO2 and 10% EtOH/90% CO2) discussed earlier. In comparison to other novel extraction 
methods cited in the literature, Paudel et al. [5] obtained only 24.3 wt. % oil from Chlorella 
sp. using CO2-expanded methanol with 9 mL methanol as a solvent using conditions of 
308 K, 7.2 MPa, extraction time of 2 h and a flowrate of 0.15 mL/min. In addition, using 
liquid CO2, gave an oil yield of only 22.9 wt. % while operating at 298 K, 17 MPa and 1 h 
extraction time [5]. Kwak et al. [7] obtained only 12.5 wt. % oil from Nannochloropsis sp. 
microalgae using 9% MeOH/91% CO2 as a solvent using conditions of 323 K, 40 MPa, 
extraction time of 0.5 h and a flowrate of 4 mL/min. This demonstrates that our studied 
method using CO2 modified with ethanol and soybean surfactant gave higher yields 
compared to similar studies. 
In contrast, using pure CO2 and 7.5% EtOH/92.5% CO2 at the same operating conditions 
of N-A-PE:algae mass ratio (0.6), 40 MPa, 338 K,  2 mL/min gave lower oil yield of 5.2 
wt. % and 24.2 wt. %, compared to extractions at 5% EtOH/95% CO2 and 10% EtOH/90% 
CO2 (see Figure 3.9a and 3.9c). This behavior may be due to the selective elution of free 
fatty acids and neutral lipids compared to other compounds (like carotenoids and 
chlorophyll) found in the crude microalgae oil. As reported by Paudel et al. [5], extraction 




other lipids ceramides which are not useful for biodiesel production. Hence, the 
development of a novel solvent combination for extraction is useful for selectively 
extracting non-polar lipids (neutral lipids) like tri-acylglycerols and 1, 2- and 1, 3-
diacylglycerides which can be converted directly to biodiesel. Thus, in the next section we 
examined the FAME profile in terms of composition (wt. %), FAME yield (in terms of 
individual FAME eluted per microalgae) and the FAME content (in terms of individual 
FAME obtained from crude microalgae oil extract). 
Figure 3.9d shows the extraction using 10% EtOH/90% CO2 at different N-A-PE:algae 
mass ratio from 0.2 to 0.6 led to about 5 times increase in the oil yield, which was also 
noticed in the extraction curves obtained when using 10% EtOH/90% CO2 at N-A-PE:algae 
mass ratio from 0.2 to 0.6 at 120 min cumulative extraction time. However, using 10% 
EtOH/90% CO2 at N-A-PE:algae mass ratio from 0.2 to 0.6 at 120 min cumulative 
extraction time provided a linear increase in oil yield as compared to using  10% EtOH/90% 
CO2 at N-A-PE:algae mass ratio from 0.2 to 0.6, which is due to the increased solubility 
dominating the interparticle diffusion of solute into the scCO2-EtOH-N-A-PE phase. These 
findings show that the oil yield is dependent on the N-A-PE addition in 5% and10% EtOH-
CO2 mixtures at high pressure (40 MPa), with a high N-A-PE amount favoring the 







   
 
Figure 3.9: Cumulative oil extraction showing the effect of time, surfactant:algae 
mass ratio and different mobile phases pure CO2 and CO2-Ethanol mixtures on oil 
yield. Condition: 338 K, 40 MPa, 2 mL/min. 
 
3.3.8 Comparison of Fatty Acid Methyl Ester Profiles  
The selectivity of different extraction methods for biodiesel production were further 
analyzed by GC-FID. Quantitative analysis of the FAMEs was done using different 




FAME profile in terms of % total FAME of transesterified microalgae oil obtained from 
different extraction methods are shown in Figure 3.10.  
The FAMEs composition (wt. %) obtained from microalgae oil by organic solvent 
extraction is presented Figure 3.10a. From this Figure, it was observed that ethanol Soxhlet 
extraction released a wide variety of fatty acid methyl ester with C18:2 being the largest 
fraction (25.5 wt. %) as when compared to other conventional solvent extraction methods 
such as Hexane, Hexane-2-propanol (3:2 v/v), Bligh-Dyer (Chloroform/methanol, 1:1:0.9 
v/v/v) and methanol soxhlet. However, the extracted oil by hexane showed a higher 
percentage of C14:0 which gave 50.2 wt. % compared to other extraction methods 
(conventional and non-conventional) tested.  
Considering CO2 extraction without a surfactant, (Figure 3.10b) the concentration of fatty 
acid methyl esters in the range of (C8-C24) is relatively low when FAME obtained from 
algae oil of pure CO2, 10% EtOH/90% CO2 and 10% MeOH/90% MeOH extracts. It is 
important to note that, the addition of ethanol to CO2 in concentrations of 10% v/v, 
improved the extraction yield with more C16:0 and C18:2 released. However, Pure CO2 
extraction method under operating condition of 40 MPa, 338 K and 2 mL/min provided a 
C14:0 composition of 7.3 %. Utilizing a co-solvent of 10% MeOH/90%CO2 provided more 
C16:0 (19 wt. %) compared to pure CO2 and 10% EtOH/90% CO2 extracts.  In all 
Supercritical fluid extraction experiments studied, the operating conditions was kept 
constant at 40 MPa, 338 K, 2 mL/min and extraction time of 120 min. 
When binary mixture of surfactant (N-A-PE) and CO2 is used as a solvent, the % fatty acid 
methyl ester obtained per total FAME is increased as the N-A-PE:algae mass ratio is 
increased from 0.2 to 0.6 at RSM optimum conditions (T=338 K, P=40 MPa and flowrate 
of 2 mL/min) providing up to 66% detectable FAME in the range of (C8-C24) examined 
with a high C16:0 concentration of 32 wt. %. As noted earlier, the percent of C14:0 was 
small for most extracts compared to hexane extract, yet utilizing an N-A-PE:algae mass 





For the case of extractions with ternary mixtures (CO2, N-A-PE and ethanol), the FAME 
% per total FAME obtained was achievable using 5% EtOH/95% CO2 at highest N-A-
PE:algae mass ratio of 0.6, which led to the generation of major polyunsaturated fatty acids 
including arachidic acid (C20:4)  and linoleic acid (C18:2) leading to  5.3 and 23 wt. %, 
respectively with only 12% of other fatty acids. However, linolenic acid (C18:3) was found 
to be in low concentrations in all ternary solvent cases involving (CO2, N-A-PE and ethanol 
mixtures) except for the solvent mixture containing (N-A-PE:algae mass ratio of 0.35)  
which provided a C18:3 composition of 5.2 wt. %. In addition, employing 10% EtOH/90% 
CO2 as mobile phase at N-A-PE:algae ratio gave the best palmitic acid (C16:0) composition 
of 42 wt. %. This results are consistent with literature findings of D’O Ca et al. [30] organic 
extraction of C. pyrenoidosa biomass that reported a range of FAME composition values 
between 15.2 and 20 wt. % for linoleic acid (C18:2), while palmitic acid (C16:0) ranges 






        
 
Figure 3.10: FAME profile obtained using different extraction methods, at SFE 
condition of 40 MPa, 338 K, 2 mL/min (a) Conventional extraction methods at 
extraction time of 240 min (b) pure CO2 and CO2-organic co-solvent at extraction 
time of 120 min (c) pure and modified CO2 with different mobile phase of surfactant 
to algae mass ratio (0.2-0.6) containing (5 and 10% EtOH) at extraction time of 120 
min. 
 
Further analysis of the individual FAME yields (mg FAME/g dry algae) and content (mg 
FAME/g extract) produced from different extraction methods with significant yields was 




in each extract stream as shown in Figures 3.11 and 3.12. In particular, since biodiesel 
obtained from microalgae usually contains principle fatty acids C16:0, C18:1, C18:2, C18:3 
and C20:4, which are found in high amounts in some the extracts, we considered this as a 
guide to judge the biodiesel properties. Although, only the highest extracts obtained by 
organic solvent, pure and modified CO2 was considered for comparison.  
As seen in Figure 3.11, the FAME yield in terms of dry microalgae was highest using a 
mobile phase of 5% EtOH/95% CO2 with an N-A-PE:algae ratio of 0.6 at 40 MPa, 338 K 
and 2 mL/min compared to other methods studied in this work, in particular fatty acids 
C16:0, C18:1, C18:2 and C20:4  gave yields of 27, 17, 18 and 4 mg/g dry algae, respectively.  
 
 
Figure 3.11: FAME yield of lipids eluted by different solvents viz., soxhlet extraction: 
EtOH (240 min), MeOH (180 min); pure CO2; 10% EtOH/90% CO2, CO2 + N-A-PE 
(Mobile phase: 100 % CO2 at N-A-PE:algae mass ratio of 0.6) and CO2 + N-A-PE + 
EtOH (Mobile phase: 5% EtOH/95% CO2 with N-A-PE:algae mass ratio of 0.6). SFE 




In terms of FAME purity or content (mg/g extract), ethanol soxhlet extraction had a better 
overall FAME content (378 mg/g extract) compared to the methanol, pure CO2, 10% 
EtOH/90% CO2. Using CO2 + N-A-PE as a solvent gave an overall FAME content of 240 
mg/g extract which was better compared to the ternary solvent mixture containing 5% 
EtOH/95% CO2 with N-A-PE:algae mass ratio 0.6 which gave 145 mg/g extract (Figure 
3.12). However, ethanol is unusable in practice because of the longer extraction time of 
240 min compared to CO2/soybean surfactant method which could achieve reasonable 
yields at 120 min extraction time. In addition, the use of organic solvents has a tendency 
to extract other unwanted lipids that could interfere with the transesterification process [5]. 
Paudel et al. [5] reported that biodiesel derived from saturated fatty acids have 
disadvantageous cold flow properties, while unsaturated fatty acids is highly desirable for 
biodiesel production. The saturated fatty acid chains form semi-crystalline structures at low 
temperature while the unsaturated chains freeze at significantly lower temperatures [5]. In 
this study, SFE with ternary solvent mixture containing 5% EtOH/95% CO2 with N-A-
PE:algae mass ratio 0.6 generated more unsaturated fatty acids (see Figure 3.11) compared 






Figure 3.12: FAME content of lipids extracted by different solvents viz., Soxhlet 
extraction (EtOH, MeOH); CO2; 10% EtOH/90% CO2, CO2 + N-A-PE (Mobile 
phase: 100 % CO2 with N-A-PE:algae mass ratio of 0.6) and CO2 + N-A-PE + EtOH 
(Mobile phase: 5% EtOH/95% CO2 with N-A-PE:algae mass ratio of 0.6). SFE 
conditions: T=338 K, P= 40 MPa, 2 mL/min. 
3.4 Conclusion 
The synthesis of a surfactant (N-acetylated PE) from soybean lecithin was successfully 
accomplished by acetylation of the polar head group of phosphatidylethanolamine (PE). 
The acetylation reaction led to a 99.9% conversion of PE after reacting the phospholipid 
mixture with acetic anhydride in the presence of trimethylamine for the first 10 min and 
remained constant up to 60 min, showing fast kinetics. The produced surfactant was 
characterized by HPLC and ESI-MS analysis to confirm its purity and molecular weight. 
It was found that the produced N-A-PE was 99.9% pure and ESI-MS analysis of the 
prepared surfactant gave a molecular weight of 708.6 amu, which was proposed to contain 




observed via cloud point pressure measurement, which showed that N-A-PE was highly 
soluble in dense CO2 at 9 MPa and 313 K. Microalgae (Chlorella pyrenedoisa) oil was 
extracted by conventional and novel extraction methods using pure and modified CO2. The 
recovered algae oil was characterized by FT-IR to determine the major functional groups 
found in triglycerides and free fatty acids. DOE and RSM of the SFE process using pure 
CO2 was conducted to determine the most influential process parameter that influenced the 
extraction. It was found that temperature and pressure are the most significant process (p-
value < 0.05). Then the synthesized soybean surfactant (N-acetylated 
phosphatidylethanolamine) was employed towards selectively extracting biodiesel 
convertible lipids from microalgae. The optimum process condition was determined from 
response surface optimization to be 40 MPa, 338 K and 2 mL/min at constant extraction of 
120 min. Aside from pure CO2 extraction, different solvents mixtures were examined at 
the optimum condition determined from RSM. The best oil yield was obtained using 5% 
EtOH/95% CO2 at a surfactant:algae mass ratio of 0.6 which gave 52 wt. % oil yield which 
was found to be higher than other literature methods using liquid CO2 and CO2-expanded 
methanol. The collected microalgae oil were transesterified to produce their methyl esters 
(bio-diesel) and later analyzed by GC-FID. The best FAME yield was obtained from 5% 
EtOH/95% CO2 at a surfactant:algae mass ratio of 0.6 which gave 52 wt. % oil yield. 
However, in terms of FAME content or purity, the use CO2/N-A-PE at a surfactant:algae 
mass ratio of 0.6 without ethanol provided 240 mg/g FAME which performed similar to 
EtOH soxhlet yield. The presented method uses less organic solvent and extraction time 
compared to convention extraction methods examined in this study, which is a promising 
route for extraction of biodiesel-producible lipid. 
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4  Supercritical Fluid Extraction of Lutein, Chlorophyll a and b 
from Chlorella pyrenoidosa using Pure and Modified CO2 
with Conventional Co-solvents and Soybean Surfactant 
4.1 Abstract 
Supercritical carbon dioxide was explored for the recovery of medicinal compounds 
(lutein, chlorophyll a and b) from microalgae Chlorella pyrenoidosa by pure and modified 
CO2 extraction techniques. The elution of these compounds by pure CO2 was first studied 
by design of experiment and response surface methodology. The experimental SFE results 
showed that both lutein, chlorophyll a and b yields were dependent on pressure and 
temperature. The maximum lutein recovery (54 wt. %) was obtained with N-A-
PE:microalgae ratio of 0.35 using 7.5% EtOH/92.5% CO2 as a mobile phase at 338 K, 40 
MPa and 2 mL/min. At the determined optimum condition for chlorophyll a yield got from 
RSM (1.3 mL/min, 338 K and 40 MPa), using 7.5% EtOH/92.5% CO2 as a mobile phase, 
the maximum chlorophyll a yield (532 µg/g algae) was obtained using a N-A-
PE:microalgae ratio of 0.35. The highest chlorophyll b yield was obtained using a binary 
mixture of 10% EtOH/90% CO2 leading to 2760 µg/g algae, which performed better than 
using a ternary mixture of EtOH/N-A-PE/CO2 mixture.  
 
Keywords: Lutein, Chlorophyll a, Chlorophyll b, Chlorella pyrenoidosa, Supercritical 
fluid extraction, Supercritical carbon dioxide, Acetylated Phosphatidylethanolamine, 








Microalgae are a promising source of fine chemicals, thus there is a great interest from 
industrial companies on using these microorganisms for their use in applications ranging 
from aquaculture feeding to the manufacture of active ingredients for food, pharmaceutical 
and cosmetic formulations [1]. Microorganisms and plants synthesize carotenoids and 
thereby given them their yellow, orange and red color due to carotenoids absorbing visible 
light. Chlorella pyrenedoisa is a green microalga that contains high concentrations of 
carotenoids and chlorophyll. Carotenoids found in microalgae include lutein, asthaxanthin, 
β-carotene, neoxanthin, violaxanthin and zeaxanthin.  In addition, carotenoids have been 
known to have antioxidant capacity and they contribute to dietary vitamin A by conversion 
to retinol [2].  In human diets, fruits and vegetables are the primary sources of carotenoids 
help in preventing diseases like cardiovascular disease, cancer, and other chronic diseases 
[2]. Lutein is a yellow xanthophyll in the macular region of the retina, which is able to 
mitigate the risk of cataracts [3], aged related macular regeneration (AMD)  [4, 5], and in 
the prevention of some types of cancer [6-8]. Although, marigold flower (Tagetes erecta 
L.) is currently used as a source for commercial lutein production, microalgae is a 
promising alternative due to its available lutein content (5 mg/g dry algae), much faster 
growth rate and several other advantages.  
On the other hand, chlorophyll has found application in the food industry, primarily its use 
as a colorant during the manufacture of cold drinks and ice creams [9]. Since society prefers 
products made with additives from natural sources, this has renewed the interest of 
microalgae thereof, instead of resorting to chemical synthesis [2, 9]. Thus, the use of non-
toxic extraction solvents for obtaining these compounds is highly important since toxic 
solvents are unsafe.  This is important to take into consideration for both sustainable 
development and in order to guarantee safe food products [2]. 
Supercritical carbon dioxide has become a method of choice for extracting biologically 
active materials from natural matter, due to its numerous advantageous properties which 
include its fast rate of extraction, low cost, high product yield and eco-friendlier compared 




temperatures (304-353 K) and high pressure (7-60 MPa) which makes it a good solvent for 
extracting thermally labile compounds like chlorophyll and carotenoids [3, 10-12]. The 
basic structure of target compounds (lutein, chlorophyll and b) extracted in this work are 
presented in Figure 4.1. 
In this chapter, we present a novel extraction approach using scCO2 with ethanol, methanol 
and a mixture of EtOH/CO2 plus surfactant prepared earlier in chapter 3 for the extraction 
of lutein and chlorophyll from microalgae (Chlorella pyrenedoisa). First, the experimental 
conditions were optimized by design of experiment and response surface optimization to 
determine the most significant variable influencing the extraction of these compounds. 
Next, different co-solvents were tested for their use in scCO2 to elute high amounts of lutein 
and chlorophyll (a and b) in Chlorella pyrenedoisa. 
 
(a) Structure of lutein 
 
(b) Chlorophyll a (X=CH3) and Chlorophyll b (X= CHO) 




4.3 Experimental Section 
4.3.1 Materials  
    Freeze dried Chlorella pyrenedoisa powder was purchased from Herbies Herbs, 
Toronto, Ontario, Canada. To prevent degradation, the samples were stored in a refrigerator 
at 277 K in a tight sealed aluminum vessel. High purity liquid carbon dioxide (99.99%) 
was employed as the solvent, which was further purified to SFE grade by a purification 
column (P600-1, Valco Instrument Co. Inc, Houston, USA). Lutein standard was 
purchased from Sigma Aldrich, Oakville, Ontario, Canada. Glass beads (3 mm) was 
purchased from Fischer Scientific (Toronto, Ontario, Canada). High purity grade nitrogen, 
air and hydrogen were also purchased from Praxair, Mississauga, Ontario, Canada. All 
other solvents used in this work were analytical grade purchased from Sigma Aldrich, 
Oakville, Ontario, Canada. 
 
4.3.2 Conventional Extraction Methods 
Different extraction methods were used to valorize lutein, chlorophyll a and b from 
Chlorella pyrenoidosa.  Soxhlet extraction was done using ethanol and methanol, while 
Bligh-Dyer, hexane and hexane:2-propanol were also examined. For the ethanol and 
methanol soxhlet extraction, 0.395 g of Chlorella pyrenoidosa was quantified by 
gravimetric analysis and put into a cellulose thimble filter, the filter was installed in a 
soxhlet extractor and the extraction was performed using 150 mL of these solvents for 180 
min. The total lutein content was determined by carrying out soxhlet extraction for 240 
min. 
 
In the case of the Bligh-Dyer extraction, 10 gram of microalgae was placed in a beaker, 
and 100 mL of chloroform, 100 mL of methanol and 90 mL of distilled water was added 
leading to a ratio of 1:1:0.9 v/v/v. The mixture was stirred at 150 rpm while collecting the 
extract every 45 min up to 180 min. The stirred sample was filtered using a glass fiber filter 




by collecting the organic phase (chloroform, methanol layer) and drying the solvent under 
nitrogen.  
 
For hexane and 2-propanol extraction, 0.33 gram of microalgae was quantified and put in 
a beaker, and 100 mL of hexane was added. The mixture was stirred at 150 rpm while 
recovering the extract for consecutive 45 min up to 180 min. The sample was filtered using 
a glass fiber filter (0.22 µm) to separate the solid from the liquid phase. The resulting 
mixture was dried under vacuum and the weight of extract was determined by gravimetric 
analysis. Lutein content in microalgae extract obtained from all extraction methods 
discussed was later determined by supercritical fluid chromatography analysis using an 
analytical standard. In addition, chlorophyll content was determined by UV-Vis 
spectrophotometer. In other to compare the yields obtained by supercritical CO2 with that 
of pure organic extraction, a 240 min ethanol soxhlet extraction was employed to determine 
the total lutein content in this microalgae. The chlorophyll contents in this work will be 
reported in yields since supercritical CO2 extraction yields were higher. 
4.3.3 Extraction of Lutein and Chlorophyll by Supercritical Fluid 
Extraction  
Supercritical carbon dioxide extraction of lutein and chlorophyll from Chlorella 
pyrenoidosa was performed using the SFX 2-10 system supplied by Isco Teledyne, USA. 
The details of the SFE system is presented in Chapter 3. As explained previously, this SFE 
system has precise temperature and pressure controller to maintain the system temperature 
and high pressure, the extract leaving the extractor is trapped in a separator filled with 
around 7 mL of ethanol while the final collection was done using a glass vial. 
A heated restrictor was used to prevent the outlet valve from freezing during 
depressurization to avoid solute precipitation.  CO2 was delivered to the system using Isco 
syringe pumps (260D and 100D for modifier).  
Extractions were conducted using 0.5 g microalgae, which was weighed and put into 
an extraction cell. For pure and modified CO2 extraction experiments, CO2 was delivered 
at a flowrate ranging from 1.3-2 mL/min. The extractor was sealed, checked for leakage, 




packed in the order: (i) glass wool of 0.1 cm, (ii) glass beads (height= 1 cm) was placed at 
the bottom of the cell, (iii) 0.5 g of microalgae was placed in the 10 mL 316 SS extractor 
unit (iv) 0.1 cm of glass beads was placed on top the bed of microalgae. 
For the experiments using the CO2 plus soybean bean surfactant, the packing was the 
same with the addition of the surfactant on top of the algae bed. The SFE experiments were 
conducted in semi-batch mode using different isothermal temperatures (318-338 K) and 
constant pressures of 15-40 MPa. The system was allowed to reach equilibrium with the 
scCO2 (about 20 min), while different collections were made after every 20 min of 
extraction resulting to 40, 60, 80, 100, 120 min collections. After  completion of all 
extraction experiment, the weight of analyte was determined gravimetrically and then 
quantitative analysis is carried out using SFC and UV-vis spectrophotometer as explained 
in section 4.3.5. The remianing CO2 in the extractor cell was released from the system 
through the vent valve. 
4.3.4 Supercritical Fluid Chromatography (SFC) Analysis 
A Thar SFC instrument (Pittsburgh) used for all analytical separations of lutein in 
microalgae oil. The SFC instrument was equipped with a fluid delivery module with high 
pressure pumps for CO2 and co-solvent delivery (6 co-solvent switching valve), a column 
oven with 10 column switching for temperature control, autosampler with 96-vial plate, 
automated back pressure regulator (ABPR) for controlling the upstream pressure and a UV-
Vis detector (Figure 4.2). The fluid delivery system was cooled by a circulating chiller 
(Neslab  RTE 7, NH, USA) controlled by a Digital Plus thermoregulatory. The instrument 
was controlled by SuperChrom (v. 6.31), then the data was analyzed by ChromScope (v. 
2.1). 
 
The separation of lutein in the oil extract was performed using a C18 Kinetex reverse phase 
column (Phenomenex, 00D-4601-E0, Torrance, CA, USA) which was employed for both 
analytical and semi-preparative study. The column dimensions with 100 mm × 4.6 mm i.d, 
5 µm particle size, 100 Å pore size was employed for analytical study, while the semi-




100 Å pore size. Liquid CO2 and ethanol were used as mobile phase. About 5 mg of extract 
was dissolved in 20 mL ethanol to yield an equivalent concentration of 250 mg/L and a 
series dilution of caffeine was conducted to produce concentrations of 0.2, 1.7, 2.6, 3.5, 4.3 
and 8.6 mg/L, which was used to develop the calibration curve with a coefficient of 
determination (R2) of 0.99. A gradient method of co-solvent addition was used for the 
separation process by starting with 20% ethanol for the first 2 min, increasing to 50% 
ethanol over 6 min subsequently decreasing to 20 % and holding for 2 min. The Thar back 
pressure was 27.5 MPa, the temperature was kept at 303 K and a flowrate of 5 mL/min was 
utilized. The sample injection was 20 µL. Lutein was quantitatively determined at the 444 




Figure 4.2: Schematic of the supercritical fluid chromatography (SFC) system (A) 
CO2 cylinder; (B) filter; (C) cooler; (D) CO2 pump; (E) co-solvent reservoir; (F) 
modifier pump (G) mixer; (H) sampler; (I) column and oven; (J) UV-vis detector; (K) 






4.3.5 UV-Vis Analysis  
Chlorophyll content of the extracted algae oil was determined in triplicate by dissolving 
the oil to a concentration of 1000 mg/L in pure methanol. The chlorophyll absorbance was 
measured by scanning the sample in a glass cuvette using a UV-Vis spectrophotometer 
(UV-3600, Shimadzu, USA). Total chlorophyll content was determined using Eq. 4.1 and 
4.2. The equations proposed by Wellburn (Eq. 4.1 and 4.2) were used in the analysis: 
 
𝐶𝑎(𝜇𝑔 𝑚𝐿⁄ ) = 16.72. 𝐴665 − 9.16. 𝐴652                                                                               (4.1) 
𝐶𝑏(𝜇𝑔 𝑚𝐿⁄ ) = 34.09. 𝐴665 − 15.28. 𝐴652                                                                             (4.2) 
 
where, 𝐶𝑎 𝑎𝑛𝑑 𝐶𝑏 are the concentration of chlorophyll a and chlorophyll b, respectively. 
𝐴665 is the absorbance at 665 nm and 𝐴652 is the absorbance at 652 nm.  
4.3.6 Experimental Design and Model Fitting 
The experimental design of the initial pure CO2 extraction of lutein, chlorophyll a and b 
was performed using a Box-Behnken design (BBD) with 15 experiments. The BBD was 
composed of 3 operating variables at 3 levels. The response Y1, Y2 and Y3 correspond to 
lutein, chlorophyll a and chlorophyll b yields over a 120 min period, respectively. The three 
operating variables studied were X1 (temperature, K), X2 (pressure, MPa) and X3 (CO2 
flowrate, mL/min). An ANOVA analysis was carried out to determine the significant 
operating variables studied.  
A second-order polynomial equation was used to predict the yields of lutein, chlorophyll a 
and b as a function of their operating variables as presented in Eq. 4.3: 
Y𝑖 = ⍺0 + ∑ ⍺iXi + ∑ ⍺iiXi









                                                                 (4.3) 
where, ⍺0 to ⍺ij are the coefficients to be estimated from regression, corresponding to the 
linear, quadratic and interactions of X1, X2 and X3 on the responses. Minitab 16 (PA, USA) 




the operating conditions of the SFE. After completion of the analysis, the coefficients of 
the second-order polynomial shown in Eq. was calculated by regression the experimental 
data and the predicted responses are obtained using Eq. 4.3.   
4.4 Results and Discussion 
4.4.1 Extraction of lutein, chlorophyll a and b by conventional methods 
Figure 22 presents the results pertaining to the lutein, chlorophyll a and b yield that were 
obtained from different conventional extraction methods. In particular, Bligh-Dyer 
extraction (Chloroform:methanol, 1:1:0.9 v/v/v), Soxhlet extraction (methanol and 
ethanol), hexane extraction and hexane:2 propanol (3:2) were all studied for the recovery 
of lutein, chlorophyll a and b. Ethanol soxhlet extraction provided better lutein yield (350 
µg/g dry algae) compared to other organic solvents studied, after 180 min of extraction 
(Figure 4.3a). Low amounts of chlorophyll a were eluted compared to chlorophyll b using 
all conventional methods tested. The highest chlorophyll a yield was found at 1580 µg/g 
dry algae using methanol.  It was observed that chlorophyll be obtained different yields in 
the first 135 min of extraction examined but obtained similar yields at 180 min of extraction 
time (760 µg/g dry algae) as shown in Figure 4.3c.  At all cumulative extraction time (45-
180 min), chlorophyll b had a higher yield when both ethanol and methanol were used 
which was higher than Bligh-Dyer, hexane and hexane:2-propanol extraction methods 
(Figure 4.3). Among all conventional solvents texted, hexane performed poorly for the 
recovery of either lutein or chlorophyll a and b, giving low yields of 1.5 µg/g dry algae of 
lutein, 24 µg/g dry algae of chlorophyll a and 43 µg/g dry algae of chlorophyll b. However, 
the total lutein content in this microalgae was found to be 770.9 µg/g algae which was 









       
 
Figure 4.3: Cumulative extraction yields: (a) lutein, (b) chlorophyll a and (c) 
Chlorophyll b using conventional extraction methods viz. Bligh-Dyer, Methanol 
soxhlet extraction, ethanol soxhlet extraction, hexane extraction, hexane:2-propanol 
extraction. 
     
4.4.2 DOE and RSM Results for Lutein, Chlorophyll a and b Yield 
The experimental data obtained from SFE with pure CO2 elution of compounds studied 
(lutein, chlorophyll a and b) is presented in Table 4.1. This experiments were performed in 
a random manner according to design of experiment by Box-Behnken design providing 15 




studied (temperature, pressure and flowrate). As can be seen in this Table, a small amount 
of lutein was eluted using pure CO2 even at high pressures up to 40 MPa, temperature up 
to 338 K and flowrate at 2 mL/min. However, for chlorophyll a and chlorophyll b, the 
yields were much higher, making pure CO2 more selective for chlorophylls studied 
compared to lutein. This may be due to chlorophylls having more non-polar functional 
groups enabling high interaction CO2, thus eluting high amounts with this solvent 
compared to lutein elution. A low lutein yield (6.82 µg/g dry algae) was obtained at highest 
flowrate 2 mL/min under constant pressure 27.5 MPa and temperature at 120 min 
extraction time. This was not experienced with the case of chlorophyll a and b which 
provided higher yields. Chlorophyll b was found to be eluted at higher amounts (236.6 
µg/g dry algae), compared to chlorophyll a yield (85.5 µg/g dry algae), which were 
obtained at the same operating conditions (328 K, 40 MPa and 1.3 mL/min) as shown in 
Table 4.1. In comparison with literature results from Kidata et al. [13] around 400 µg/g dry 
algae of lutein yield was recovered from the extraction with pure scCO2 at 343 K, 40 MPa, 
2.5 mL/min and a 300 min extraction time. However, for the case of chlorophylls Macías-
Sánchez et al. [14] found a maximum chlorophyll yield of 227 µg/g dry algae when 
operating with pure scCO2 at 333 K, 40 MPa and 180 min extraction time using Dunaliella 
Salina as a feedstock. The results obtained from our experiments were close matching with 












Table 4.1: Experimental data obtained by Box-Behnken design for lutein, chlorophyll 
a and b at 120 min extraction time. 
                                    Process variables                                             Yields 
                          (K)              (MPa)     (mL/min)                             (𝜇𝑔 𝑔 𝑎𝑙𝑔𝑎𝑒⁄ ) 
Run no. Temperature Pressure Flowrate Lutein  Chlorophyll a Chlorophyll b 
1 318 40.00 1.65 0.24 ± 0.020 42.5 ± 1.8 226.5 ± 2.3 
2 328 27.50 1.65 3.86 ± 0.080 8.3 ± 0.6 19.0 ± 2.1 
3 318 27.50 2.00 1.66 ± 0.030 6.6 ± 0.4 18.7 ± 0.4 
4 338 15.00 1.65 0.11 ± 0.015 24.6 ± 1.0 66.4 ± 1.2 
5 328 27.50 1.65 3.86 ± 0.016 8.3 ± 0.4 19.5 ± 0.7 
6 328 27.50 1.65 3.86 ± 0.020 8.8 ± 0.7 20.2 ± 0.5 
7 328 15.00 2.00 4.17 ± 0.040 15.4 ± 0.9 43.5 ± 1.1 
8 328 40.00 1.30 1.10 ± 0.050 85.5 ± 2.0 236.6 ± 2.5 
9 328 40.00 2.00 5.13 ± 0.070 11.0 ± 1.0 33.5 ± 1.2 
10 338 27.50 2.00 6.82 ± 0.090 9.0 ± 0.5 34.1 ± 1.5 
11 318 27.50 1.30 0.80 ± 0.005 25.5 ± 0.9 77.1 ± 2.3 
12 318 15.00 1.65 3.27 ± 0.060 6.1 ± 0.4 28.0 ± 1.0 
13 328 15.00 1.30 0.04 ± 0.006 20.0 ± 1.1 53.8 ± 1.3 
14 338 40.00 1.65 0.91 ± 0.050 44.1 ± 1.2 172.0 ± 2.4 
15 338 27.50 1.30 1.61 ± 0.010 5.7 ± 0.9 30.5 ± 1.2 
 
4.4.3 ANOVA Analysis for Lutein 
ANOVA analysis was used to study the various operating parameters (temperature, 
pressure, flowrate) affecting the extraction of lutein from Chlorella pyrenoidosa. Table 4.2 
shows the ANOVA results obtained for lutein elution using pure CO2. As seen in Table 




lutein from microalgae, providing a p-value smaller than 0.05. Then, a second order 
polynomial was developed to predict the lutein yield (Eq. 4.4). 
YL (wt. %) = 3.86 + 0.43T − 0.026P + 1.78F − 1.31TP − 1.41TF + 0.17PF + 0.96 T
2
+ 1.09 P2 −  0.024F2                                                                                     (4.4) 
Where, YL is the lutein yield, T is the temperature, P is the pressure, F is the flowrate of 
CO2, while TP, TF, PF are the respective interactions and squares of temperature, pressure 
and time. A parity plot showing the comparison of experimental and lutein yield is shown 
in Figure 4.4. The regression by second order polynomial model satisfactorily predicted 
the yields. The correlation coefficient (R2) obtained was only 0.81.  
 
 
Figure 4.4: Parity plot comparing lutein yields from SFE experiment with the 







Table 4.2: ANOVA analysis for lutein extraction 
Source DF Seq SS Adj SS Adj MS F P 
Regression 9 44.7398 44.7398 4.9711 1.84 0.26 
Linear 3 21.1272 21.1272 7.0424 2.61 0.164 
T (K) 1 1.5103 1.5103 1.5103 0.56 0.488 
P (MPa) 1 0.3224 0.3224 0.3224 0.12 0.744 
F (mL/min) 1 19.2945 19.2945 19.2945 7.14 0.044 
Square 3 14.2923 14.2923 4.7641 1.76 0.27 
T (K) × T (K) 1 8.1515 8.6909 8.6909 3.22 0.133 
P (MPa) × P (MPa) 1 5.5507 5.2437 5.2437 1.94 0.222 
F (mL/min) × F (mL/min) 1 0.5902 0.5902 0.5902 0.22 0.66 
Interaction 3 9.3203 9.3203 3.1068 1.15 0.415 
T (K) × P (MPa) 1 3.6653 3.6653 3.6653 1.36 0.297 
T (K) × F (mL/min) 1 4.7459 4.7459 4.7459 1.76 0.242 
P (MPa) × F (mL/min) 1 0.9092 0.9092 0.9092 0.34 0.587 
Residual Error 5 13.5078 13.5078 2.7016 
  
Lack-of-Fit 3 13.5075 13.5075 4.5025 33768.85 0 
Pure Error 2 0.0003 0.0003 0.0001 
  
Total 14 58.2476 
    
 
Further analysis of the response surface optimization of lutein extraction yields obtained 
from Chlorella pyrenoidosa was done in the range of operating conditions studied in this 
work. The results provided further proof of the effects of processing parameters on the 
recovery of lutein from microalgae biomass. Figure 4.5a shows the effects of temperature 
and pressure on lutein yield while holding the flowrate constant at (2 mL/min), it was 




this temperature up to 338 K, there was a slight decreased in lutein yield. This behavior 
was also observed in Figure 4.5b, showing a decrease 338K compared to 328 K, which 
could be attributed to the degradation of lutein as temperature increases and has been 
reported by several authors [1, 4]. The effects of pressure on lutein yield was not so 
significant according to the ANOVA analysis, however, there was a small increase in lutein 
yield at constant flowrate of 2 mL/min at highest temperature (338 K) and pressure 
examined (40 MPa) but an almost constant lutein yield was observed when the pressure 
was increased from 27.5 MPa to 40 MPa when the temperature was kept at 338 K (Figure 
4.5b), resulting in highest lutein yield of 6.82 µg/g dry algae. Thus, the optimum condition 
to recover lutein was found to be 338 K, 40 MPa and 2 mL/min at extraction time of 120 
min.    
 
 
Figure 4.5: Response surface plots for showing the combined effects of process 




4.4.4 ANOVA Analysis of Chlorophyll a and b Yield. 
ANOVA analysis was done for chlorophyll a and b yields obtained using pure CO2, 
following the 15 preliminary experiments shown in Table 4.3 and 4.4. The study of 
important SFE process variables of temperature, pressure and flowrate has been examined 
while holding the extraction time at 120 min for efficient recovery of chlorophyll a and b 
from Chlorella pyrenedoisa. For chlorophyll a yield, the effects of pressure, flowrate, 
square of pressure and the interaction of pressure and flowrate was found to be most 
significant since their p-values were less than 0.05 (see Table 4.3).  
Studying the effects of various parameters and their interactions for chlorophyll b yield 
from this microalgae, followed similar trends as that of chlorophyll a, suggesting that 
pressure, flowrate, square of pressure and the interaction of pressure and flowrate are most 
significant (P < 0.05) as can be seen in Table 4.3 and 4.4. The second order polynomial 
developed to predict the chlorophyll a and b yield is presented in Eq. 4.5 and 4.6, 
respectively. 
Ya (wt. %) = 8.47 + 0.35T + 14.63P − 11.81F − 0.205TP + 21.1TF + 3.42PF
− 4.24T2 + 5.545 P2 −  17.46F2                                                                (4.5) 
Yb (wt. %) = 19.56 − 5.92T + 59.61P − 33.53F + 25.94TP + 77.7TF − 5.43PF
− 23.2 T2 + 15.52P2 −  48.22F2                                                                (4.6) 
Where, Ya and Yb  are the chlorophyll a and b yields, T is the temperature, P is the 
pressure, F is the flowrate of CO2, while TP, TF, PF are the respective interactions and 
squares of temperature, pressure and time. A linear plot showing the comparison of 
experimental and chlorophyll a and b yield is shown in Figure 4.6. The regressed by second 
order polynomial model given in Eq. and predicted chlorophyll a and b precisely compared 
to that of lutein. The correlation coefficient (R2) obtained was only 0.9 and 0.93 for 






Figure 4.6: Linear plot comparing experiment and DOE predicted values for 













Table 4.3: ANOVA analysis of chlorophyll a 
Source DF Seq SS Adj SS Adj MS F P 
Regression 9 5911.75 5911.75 656.86 4.79 0.05 
Linear 3 2831.46 2831.46 943.82 6.89 0.032 
T (K) 1 1 1 1 0.01 0.935 
P (MPa) 1 1713.47 1713.47 1713.47 12.51 0.017 
F (mL/min) 1 1116.99 1116.99 1116.99 8.15 0.036 
Square 3 1665.72 1665.72 555.24 4.05 0.083 
T (K) × T (K) 1 14.27 0.16 0.16 0 0.974 
P (MPa) × P (MPa) 1 1608.29 1639.44 1639.44 11.97 0.018 
F (mL/min) × F (mL/min) 1 43.17 43.17 43.17 0.32 0.599 
Interaction 3 1414.57 1414.57 471.52 3.44 0.108 
T (K) × P (MPa) 1 71.83 71.83 71.83 0.52 0.501 
T (K) × F (mL/min) 1 122.99 122.99 122.99 0.9 0.387 
P (MPa) × F (mL/min) 1 1219.76 1219.76 1219.76 8.9 0.031 
Residual Error 5 685.03 685.03 137.01 
  
Lack-of-Fit 3 684.86 684.86 228.29 2739.46 0 
Pure Error 2 0.17 0.17 0.08 
  
Total 14 6596.78 








Table 4.4: ANOVA analysis of chlorophyll b 
Source DF Seq SS Adj SS Adj MS F P 
Regression 9 74507.6 74507.6 8278.6 7.77 0.018 
Linear 3 37703.7 37703.7 12567.9 11.8 0.01 
T (K) 1 280.3 280.3 280.3 0.26 0.63 
P (MPa) 1 28428 28428 28428 26.68 0.004 
F (mL/min) 1 8995.4 8995.4 8995.4 8.44 0.034 
Square 3 24385.5 24385.5 8128.5 7.63 0.026 
T (K) × T (K) 1 1612.2 2485 2485 2.33 0.187 
P (MPa) × P (MPa) 1 22664.5 22290.1 22290.1 20.92 0.006 
F (mL/min) × F (mL/min) 1 108.9 108.9 108.9 0.1 0.762 
Interaction 3 12418.4 12418.4 4139.5 3.89 0.089 
T (K) × P (MPa) 1 2153 2153 2153 2.02 0.214 
T (K) × F (mL/min) 1 963.8 963.8 963.8 0.9 0.385 
P (MPa) × F (mL/min) 1 9301.6 9301.6 9301.6 8.73 0.032 
Residual Error 5 5327.3 5327.3 1065.5 
  
Lack-of-Fit 3 5326.6 5326.6 1775.5 5061.42 0 
Pure Error 2 0.7 0.7 0.4 
  
Total 14 79835 
    
 
4.4.5 Response Surface Analysis of Chlorophyll a and b Yield 
The results of the extraction of chlorophyll a and b submitted to DOE were further analyzed 
by response surface optimization (Figure 4.7). This makes the effects of process variables 
on the extraction results easily visualized and understood. From Figure 4.7a, by keeping 
the flowrate constant at 2 mL/min and observing the effect of pressure and temperature, it 




examined temperature (313, 323 and 333 K) but later increase as pressure increased up to 
40 MPa, leading to a parabolic profile. This behavior is consistent with the findings of 
Guedes et al. [1], which showed that a decrease in chlorophyll a, b and c yields from 
microalgae Scenedesmus obliquus at medium operating pressure of 20 MPa but increased 
later above this pressure. As explained by several authors [1, 15] microalgae have a thick 
cellular wall, so an intrinsically high resistance to mass transfer is expected, hence high 
pressure would be required to disrupt the algae cell for suitable release of compounds like 
carotenoids and chlorophylls. 
From the RSM curves of our experimental data shown in Figure 4.7 and 4.8, chlorophyll a 
and b yield decreased with an increase in flowrate from 1.3 mL/min to 2 mL/min by 4 times 
from 85 to 20 µg/g dry algae at all examined temperature range (318-338 K). This kind of 
negative impact on chlorophyll yield was also reported by Guedes et al. [1] for chlorophyll 
b and c yield when operating in this range of increased flowrate at constant temperature 
313 K. Figure 4.8c also shows similar behavior even when the T and P are held constant at 
338 K and 40 MPa producing a high yield at 1.3 mL/min. However, the highest observed 
yield of chlorophyll a (85.5 µg/g dry algae) and chlorophyll b (300 µg/g dry algae) was 



















           
 
Figure 4.8: RSM plots for chlorophyll b yield from pure CO2 extraction. 
4.4.6 ScCO2 Plus Organic Co-Solvent Extraction of Lutein, Chlorophyll 
a and b 
Modified supercritical carbon dioxide extraction of lutein, chlorophyll a and b from 
Chlorella pyrenoidosa was examined using organic co-solvents (ethanol and methanol) at 
low and high pressure in the optimum temperature and flowrate values obtained from RSM 
analysis. Lutein yield was measured at low and high pressure range (15, 40 MPa) at 
optimum RSM condition (338 K, and 2 mL/min) comparing the yields obtained using 
ethanol and methanol for cumulative extraction recoveries in the range of extraction time 
of 40-120 min. The highest yields of lutein of (300 µg/g dry algae) was obtained from 
Chlorella pyrenoidosa using 10% EtOH/90% CO2 when operating at pressures of 338 K, 
40 MPa and 2 mL/min, which was 44 times higher than extraction using pure CO2 
extraction (6.82 µg/g dry algae). As shown in Figure 4.9c, the use of 10% MeOH/90% CO2 
provided almost equivalent yields with operations using ethanol as co-solvent. In addition, 




(15 MPa) and 338 K, lutein yield was lower by around 6 times compared to higher pressure 
extractions (40 MPa) at the same temperature and co-solvent phase addition.  
Later, the yields of chlorophyll were compared at low and high pressure (15, 40 MPa) at 
RSM optimum temperature (338 K) and flowrate (1.3 mL/min) for cumulative extraction 
from 40 to 120 min. As seen in Figure 4.9a and 4.9c, chlorophyll a and b yield was greatly 
influenced by the addition polar co-solvent in CO2, with 10% EtOH/90% CO2, providing 
the highest chlorophyll b (2760 µg/g dry algae) which was higher than the addition of 5 or 
10% methanol to CO2 (2526 µg/g dry algae) at same operating conditions examined. In 
addition, the addition of the same amount of methanol at 10 gave better yield of chlorophyll 
a (532 µg/g dry algae) compared to that of 10% EtOH/95% CO2 (421 µg/g dry algae). 
However, working at lower co-solvent concentration (5%) at pressure (15, 40 MPa) and 
338 K, provided almost similar yields of both chlorophyll a and b to that of 10% co-solvent 
addition while using either both ethanol and methanol (see Figure 4.9b and 4.9d). This 
results showed that less organic solvent and time were required to achieve the same 
extraction yield when a mixture of scCO2 and polar solvent (ethanol or methanol) is 










Figure 4.9: Cumulative SFE curves at isothermal condition of 338 K showing the 
effect of extraction time, co-solvent and pressure on (a) Lutein yield at EtOH (5, 10%), 
pressures (15 and 40 MPa), (b) Chlorophyll a and b yield at EtOH (5, 10%) at 
pressures 15 and 40, (c) Lutein yield at MeOH (5, 10%) and pressures (15 and 40 





4.4.7 ScCO2-EtOH Plus Surfactant Extraction 
To further test the effectiveness of novel co-solvents on the extraction of lutein, chlorophyll 
a and b, the soybean surfactant synthesized earlier in Chapter 3 was added to a mixture of 
pure and modified CO2. All extractions in this section were performed at the best RSM 
conditions previously reported, lutein (338 K, 40 MPa and 2 mL/min), chlorophyll a and b 
(338 K, 40 MPa and 1.3 mL/min) at constant extraction time of 120 min, respectively.  
Since, ethanol performed better than methanol and ethanol is generally regarded as a safe 
(GRAS) solvent, it was chosen as a co-solvent with natural synthesized surfactant (N-A-
PE) to valorize lutein, chlorophyll a and b from microalgae biomass. The surfactant (N-A-
PE) was placed inside the extraction cell which contained microalgae and glass beads, as 
explained in the experimental section. Then, different amounts of N-A-PE (0.1, 0.175 and 
0.3 g) were mixed with mobile phases comprising of 100% CO2, 5% EtOH/95% CO2, 7.5% 
EtOH/92.5% CO2, 10% EtOH/90% CO2 to improve the polarity of CO2 for increased 
extraction of lutein, chlorophyll a and b from Chlorella pyrenoidosa.    
As discussed earlier in Chapter 3, N-A-PE is more soluble in dense CO2 (9 MPa, 313 K). 
However, it is also soluble in less dense CO2 at 328 K but has a higher cloud point pressure 
(14). In addition, the solubility of lutein and chlorophyll is increased at higher temperature 
and pressure as shown in Table 4.5. As can be seen in this table, the highest solubility of 
lutein was found to be 3.8 × 10−5 𝑔/𝐿 at 40 MPa, 328 K and CO2 flowrate of 2 mL/min. 
In addition, the maximum solubility for chlorophyll a (7.2 × 10−4 𝑔/𝐿) and chlorophyll b 
(1.8 × 10−3) was achieved at pressure (40 MPa), temperature (323 K) and using a flowrate 
of 1.3 mL/min. For this reason, the high pressure (40 MPa) above the cloud point pressure 
and temperature (338 K) have been selected to perform the extraction in the supercritical 
domain of the mixture. Figure 4.10 and 4.11 presents the extraction yield of the 
experiments for different composition of the medium. The error bars for the extraction 





Table 4.5:  Experimental solubility data for Lutein, chlorophyll a and b using pure 
CO2. 
                        Process variable                              Solubility× 107 (g/L CO2) 
Temperature Pressure Flowrate Lutein Chlorophyll a Chlorophyll b 
318 40.00 1.65 13.5 4600 12000 
328 27.50 1.65 154 600 2400 
318 27.50 2.00 51.5 280 780 
338 15.00 1.65 0.05 1400 3700 
328 27.50 1.65 155 590 2380 
328 27.50 1.65 151 585 2390 
328 15.00 2.00 150 600 1600 
328 40.00 1.30 9 7200 18000 
328 40.00 2.00 380 800 620 
338 27.50 2.00 280 750 2500 
318 27.50 1.30 67 2100 6400 
318 15.00 1.65 100 500 1560 
328 15.00 1.30 3.57 1700 4500 
338 40.00 1.65 51 2400 9600 
338 27.50 1.30 133 270 1300 
 
When using a binary mixture of scCO2 plus N-A-PE (Figure 4.10a and 4.10b) as a solvent, 
the extraction yield of lutein and chlorophyll b are 79 and 580 µg/g dry algae at N-A-
PE:algae mass ratio of 0.6, respectively. In addition, the best chlorophyll a yield (160 µg/g 
dry algae) was obtained at highest N-A-PE:algae mass ratio of 0.6. This experiment shows 




mixture (N-A-PE/CO2). However, some interaction between the surfactant (N-A-PE) and 
these compounds (lutein, chlorophyll a, chlorophyll b) probably took place their yields 
were improved compared to using pure CO2. An additive is required to boost the extraction 
efficiency. 
The addition of ethanol (5%) to CO2 increased the yield of lutein to 330 µg/g dry algae at 
an increase surfactant addition to the mixture leading to N-A-PE:algae mass ratio of 0.6 
(see Figure 4.10c). This was 4.1 times higher than extraction using a binary mixture of N-
A-PE plus CO2. In addition, chlorophyll b yield was increased to 1947 µg/g dry algae at 
N-A-PE:algae mass ratio of 0.6, which is 3.1 times higher than using scCO2/N-A-PE 
(Figure 4.10d). Chlorophyll a yield was only increased by 1.8 times leading to 295 µg/g 
dry algae at N-A-PE:algae mass ratio of 0.6 (Figure 4.10d). The total chlorophyll yield in 
terms of chlorophyll a and b was found highest using 10% EtOH/90% CO2 at N-A-
PE:algae mass ratio providing a yield of 3.1 mg/g. In comparison, Guedes et al. [1] obtained 
a total chlorophyll yield of 1.24 mg/g using 7.7% EtOH/92.3% CO2 with conditions 313 











Figure 4.10: Cumulative SFE curves measured at optimum operating condition of 338 
K and 40 MPa showing the effect of extraction time, N-A-PE:algae mass ratio on (a) 
Lutein yield at N-A-PE plus CO2, (b) Chlorophyll a and b yield N-A-PE plus CO2 as 
a mobile phase (c) Lutein yield with N-A-PE plus 5% ETOH/95% CO2 as a mobile 
phase (d) Chlorophyll a and b yield with N-A-PE and 5% ETOH/95% CO2 as a 
mobile phase. Condition: 338 K, 40 MPa and 2 mL/min, N-A-PE:algae mass ratio: 





When the amount of ethanol was increased to 7.5% with different additions of N-A-PE and 
CO2, a somewhat linear increase in the extraction yield was observed for lutein (416 µg/g 
dry algae, (54% recovery)) at medium surfactant loading (0.175 g) to microalgae leading 
to a N-A-PE:microalgae ratio of 0.35 at 338 K, 40 MPa, extraction time of 2 h and a 
flowrate of 2 mL/min. In comparison, H.-W. Yen et al. [16] obtained lower recovery of 
lutein (50.78 wt. %) from Scenedesmus sp. using 40 % MeOH/60% CO2 with extraction 
conditions at 333 K, 40 MPa, extraction time of 1 h and flowrate of 800 mL/min.  
 Similarly, at the same extraction condition significant yields of chlorophyll a (532 µg/g 
dry algae) and b (2520 µg/g dry algae) were obtained at medium surfactant loading (0.175 
g) to microalgae leading to a N-A-PE:microalgae ratio of 0.35, which provided better yields 
compared to high surfactant loading of 0.3g to the supercritical medium (Figure 4.11). 
Lastly, when 10% EtOH was added in CO2, 409 µg/g dry algae of lutein yield was obtained 
at N-A-PE:microalgae ratio of 0.6. In addition, when a N-A-PE:algae mass ratio of 0.6 was 
employed using a 10% EtOH/90% CO2 the yields of chlorophyll b was further increased 












Figure 4.11: Cumulative SFE curves measured at optimum operating condition of 338 
K and 40 MPa showing the effect of extraction time, N-A-PE:algae mass ratio on (a) 
Lutein yield using N-A-PE and 7.5% ETOH/92.5% as a mobile phase at 338 K, 40 
MPa and 2 mL/min (b) Chlorophyll a and b yield using N-A-PE and 7.5% 
ETOH/92.5% CO2 as a mobile phase at 338 K, 40 MPa and 1.3 mL/min (c) Lutein 
yield using N-A-PE and 10% ETOH/90% CO2 as a mobile phase at 338 K, 40 MPa 
and 2 mL/min (d) Chlorophyll a and b yield with using N-A-PE and 10% ETOH/90% 





Supercritical carbon dioxide using pure and novel modified CO2 techniques have been 
studied for extraction of lutein, chlorophyll a and b from microalgae Chlorella 
pyrenedoisa. The elution of these compounds by pure CO2 was first examined by DOE and 
RSM. The experimental SFE results showed that both lutein, chlorophyll a and b yields 
were dependent on pressure and temperature. According to the ANOVA analysis, flowrate 
was the most significant parameter (P < 0.05) for lutein yield from microalgae biomass. 
The maximum lutein recovery (54 wt. %) was obtained with N-A-PE:microalgae ratio of 
0.35 using 7.5% EtOH/92.5% CO2 as a mobile phase at 338 K, 40 MPa and 2 mL/min, 
which was found superior to literature data amounting to only 50.78 wt. % recovery of 
lutein. Additionally, ANOVA analysis showed that pressure, flowrate, square of pressure 
and pressure-flowrate interaction were the most significant parameter for both chlorophyll 
a and b yield. At optimum condition for chlorophyll yield got from RSM (1.3 mL/min, 338 
K and 40 MPa), using 7.5% EtOH/92.5% CO2 as a mobile phase, the maximum chlorophyll 
a yield (532) was obtained using a N-A-PE:microalgae ratio of 0.35. However, the 
surfactant-CO2-EtOH method improved the chlorophyll b yield better than other methods 
tested except for the method using 10% EtOH/90% CO2.  The reported data obtained from 
this study was found higher than present literature data for lutein and total chlorophyll 
yields. 
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5 Supercritical Fluid Extraction of Caffeine from Pyrolysis Oil 
of Spent Coffee Grounds: Experimental and Modeling Study 
5.1 Abstract 
A current challenge of a biorefinery for fuel production is the need for the downstream 
separation of valuable chemicals to help offset high production costs. Most downstream 
separation processes use harmful organic solvents which are not very selective. In this 
work, supercritical fluid extraction (SFE) was examined as a model system for isolation of 
caffeine from pyrolysis oil, using both pure and modified supercritical carbon dioxide 
(scCO2). Pyrolysis oil of spent coffee grounds was characterized by GC-MS and HPLC to 
determine and quantify its chemical components and caffeine concentration. RSM could 
predict the optimum extraction condition for caffeine recovery quite well. The optimization 
results showed that maximum caffeine extraction by SFE-CO2 occurred at 333 K, 35.2 
MPa, and 20 min extraction time. The addition of 10 % ethanol to scCO2 increased the 
maximum recovery of caffeine from 20% to 90% with maximum caffeine yield of 24.4 µg 
caffeine/mg pyrolysis oil, showing the potential of scCO2 for chemical isolation. 
Thermodynamic modeling with a modified Peng-Robinson equation of state with van der 
Waals one fluid (vdW-1f) mixing rules and Wilke Chang equation was further used to 
predict the solubility and diffusivity of caffeine in scCO2. An interphase mass transfer 
model for caffeine isolation by SFE-CO2 was able to predict the rate of mass transfer 
effectively. The SFE extraction and mass transfer experiments and modeling showed 
enhanced selectivity over conventional solvent based approaches, showing the utility of 
this methodology for integration into future biorefineries. 
Keywords: Caffeine, Pyrolysis oil, Supercritical fluid extraction, Thermodynamic 





5.2 Introduction  
Biomass and agricultural wastes are abundant carbon-neutral renewable resources for the 
production of energy and materials [1]. With advances in process chemistry, engineering, 
and biotechnology, emerging biorefinery concepts are evolving for converting renewable 
biomass to valuable fuels and chemicals. Similar to conventional refineries, potential 
biorefineries will require high value products to help offset production costs, especially 
when traditional fuels are cost-competitive [2]. Extraction of valuable chemicals from 
pyrolysis oil is an important downstream valorization step in a biorefinery, often requiring 
harmful organic solvents. Supercritical fluid extraction using scCO2 is a promising 
technology to extract valuable chemicals from pyrolysis oil due to several advantages such 
as: (i) CO2 is both a green solvent and often available at biorefinery locations (e.g. is a by-
product of EtOH production), (ii) little contamination of analytes occurs in the extract, and 
(iii) the possibility of extraction of thermally labile compounds [3]. scCO2 offers an 
excellent extraction capability due to its favorable diffusivity, viscosity, surface tension, 
and tunable density. Several researchers have found that the energy related to the recovery 
of CO2 after extraction is lower compared to liquid-liquid extraction methods [4].   
According to a 2012 report by the Food and Agricultural Organization of the United 
Nations Statistics Division, the total world production of coffee green beans was around 3 
million tons [5]. Typically, 2-4.5 tons of spent coffee grounds are generated per ton of 
soluble coffee with a moisture content of about 80 %, which has no significant market 
value and is considered a waste product [6]. Fast pyrolysis of spent coffee grounds has 
been shown to produce bio-fuels with high heating values (HHV) of around ~ 23.2 MJ/Kg 
[7]. It was also found that the pyrolysis oil of spent coffee grounds can be a sustainable 
source of valuable chemicals that can be used for insecticide and bactericidal applications 
[6]. The phenolic rich fraction from coffee ground bio-oil as a synthetic pesticide was 
achievable via liquid-liquid extraction using organic solvents [6]. As one example of a 
valuable chemical, caffeine is found in high concentrations in pyrolyzed coffee oil [6]. In 




food and beverages is about 0.23 g person day⁄⁄  [8]; therefore recovering caffeine from 
spent coffee-ground pyrolysis oil offers potential economical benefits.  
In this work, extraction of caffeine from spent coffee ground pyrolysis oil is 
characterized using pure and scCO2 modified with polar solvents (EtOH, MeOH). Then, a 
RSM was used to determine the important experimental parameters (extraction time, 
temperature, and pressure) capable of increasing caffeine recovery using unmodified sc-
CO2. The solubility of caffeine in pure and modified scCO2 at several operating conditions 
was determined using the Peng-Robinson equation of state (PR-EoS) with vdW-1f mixing 
rules. Later, an interphase mass transfer model of the SFE process was adapted to predict 
the efficacy of the extraction process at the examined operating conditions and compared 
with experimental results.  
 
5.3 Experimental Section 
5.3.1 Materials 
The pyrolysis oil of spent coffee grounds was supplied by the Institute for Chemicals and 
Fuels from Alternative Resources (ICFAR), London, Ontario, Canada. Ultra high purity 
liquid carbon dioxide (99.99%) was used as the solvent, which was further purified to SFE 
grade by a purification column (P600-1, Valco Instrument Co. Inc, Houston, USA). White 
sand (mesh size: 50 - 70), caffeine, and all other chemicals used were purchased from 
Sigma Aldrich, Oakville, Ontario, Canada.  
5.4 Methods  
5.4.1 Pyrolysis Oil Production 
Light roasted spent coffee grounds (Coffea arabica) with particle size of 1 mm were 
obtained from Commercial Van Houtte® (Montreal, Quebec, Canada). These spent coffee 




K using a mechanically fluidized reactor (MFR). The schematic diagram and operations of 
MFR were earlier described by Hossain et al. [9].  Pyrolysis oil of spent coffee grounds 
was collected in different temperature cuts at 423-523 K.  The reactor temperature of each 
cut was held isothermally for 30 min prior to collection.  
5.4.2 Pyrolysis Oil Analysis 
Pyrolysis oil of spent coffee grounds was stored in a refrigerator for 72 hours at 253 K 
prior to analysis by GC-MS, FT-IR and HPLC to prevent possible polymerization of its 
high oxygenated compounds [9]. The chemical composition of the oil and the scCO2 
fractions were determined using a GC-MS (Shimadzu, QP2010S, Guelph, Ontario, 
Canada) with a DB-5MS fused silica capillary column (30 m × 0.32 mm i.d, 0.25 µm film 
thickness, Agilent technologies, Santa Clara, USA). The GC oven temperature was 
programmed by holding the temperature at 338 K for 2 min, then linearly increasing to 398 
K for 10 min, and lastly heating to 598 K for 15 min. An injector temperature of 573 K, 
and an ion source temperature of 523 K were utilized while He was used as the carrier gas 
at a flow rate of 1.22 mL/min.  About 0.12 g of spent coffee ground pyrolysis oil was 
dissolved in 116 mL methanol to yield a solution of 1 g/L. The solution was filtered using 
a Promax syringe filter (0.22 µm) and subsequently ultra-sonicated for 10 min prior to GC 
analysis to enable complete dissolution of caffeine in methanol. Then, 0.5 µL of the aliquot 
solution was injected into the column using a SGE analytical science syringe (002780, 
Texas, USA) for GC-MS analysis. Peak and compound identification were carried out 
using the mass spectra NIST 2005 library. FT-IR analysis (Thermo Scientific, Nicolet 
6700, USA) was utilized to determine the various functional groups of compounds found 
in spent coffee ground pyrolysis oil fractions (Table A.1).  
The quantification of caffeine from the pyrolysis oil was accomplished using a high 
pressure liquid chromatography system (HPLC) (Shimadzu, DGU-20A3, Canby, USA) 
equipped with a C18 Kinetex reverse phase column (Phenomenex, 00D-4601-E0, 
Torrance, CA, USA). The column dimensions are 100 mm × 4.6 mm i.d with 5 µm particle 
size with a pore size of 100 Å. About 0.02 g of pyrolysis oil and scCO2 fractions were 




of caffeine powder was diluted in 100 mL methanol to lead to a concentration of 0.2 g/L 
and a series dilution of caffeine was conducted to produce concentrations of 0.02, 0.04, 
0.06, 0.08, 0.1, 0.12, 0.15 g/L which was used to develop the calibration curves with a 
coefficient of determination (R2) of 0.995. The mobile phases for caffeine analysis 
consisted of: (A) trifluoroacetic acid (0.1 % v/v) in water, and (B) methanol, (90:10, v/v). 
Caffeine isolation from the pyrolysis oil matrix was conducted using isocratic elution with 
mobile phase flow rate of 1 mL/min, 5 µL injection volume, and 22 min analysis time 
under a UV/Vis detector operated at 254 nm. To check the caffeine and pyrolysis oil 
stability, HPLC analysis was conducted on the crude coffee grounds bio-oil stored for 72-
620 hours prior to each extraction experiment to determine the concentration of caffeine. 
5.4.3 Supercritical Fluid Extraction of Caffeine from Pyrolysis Oil 
The experimental setup used in this study includes an Isco SFX 2-10 system as shown 
in Fig. 5.1. The details of the setup were provided previously by Wood et al. [10] which 
was modified with the addition of a temperature controller (TC1, PXR4, South Burlington, 
USA) and a temperature restrictor (TC2 and TC3, Teledyne Isco, Lincoln, NE, USA) for 
the separator and collection valve (V-7), respectively. The extraction cell temperature 
controller was used to maintain a steady temperature in the extractor (offset ±0.2 K) while 
the temperature restrictor (offset of ±0.3 K) was used to heat the extract outlet valve to 
prevent solvent or solute precipitation following depressurization. Isco syringe pumps 
(260D and 100D for modifier) were utilized for all SFE experiments.  
For the pure scCO2 extraction experiments, about 0.76 g pyrolysis oil feed was weighed 
using an analytical balance (Mettler-Toledo, PB153, Lincoln, NE, USA). CO2 was supplied 
at a flowrate of 100 mL/min. Pressure controllers (PC1 and PC2) were utilized to control 
the pressure and flow rate of CO2 prior to introduction into the extractor cell. The extractor 
was sealed, checked for leakage, and purged with CO2 and co-solvent (acetone) to remove 
any impurities. The pyrolysis oil was mixed with 0.5 g sand by mortar and pestle, then 
placed in the 10 mL 316 SS extractor unit. SFE experiments were conducted in a semi-
batch mode to allow caffeine in the pyrolysis oil to reach equilibrium with the scCO2 phase 




conducted at low isothermal conditions of 313-333 K. Hence, different isothermal 
temperatures (313, 323, 333 K) and pressures of 14.5, 24.9, 28.3, 35.2 MPa and 20 min 
extraction time. 
The experimental solubility values were obtained by capturing caffeine analyte leaving 
the separator in a glass vial, assuming that the solute-solvent system reaches equilibrium 
as the solvent flows over the solute. At the end of each extraction experiment, the weight 
of analyte was determined gravimetrically and the analyte was placed into 30 mL vials for 
subsequent quantitative analysis, while the residual CO2 in the extractor cell was released 
from the system via the vent valve (V-8).  
 
Figure 5.1: Process flow diagram for supercritical fluid extraction system. Basic 
components include: metering valves, (V1-V9); high pressure check valves, (CV1-





5.4.4 Statistical Analysis of Caffeine Extraction by DOE And RSM 
         Minitab 16 (PA, USA) was used to design and optimize the SFE-SC-CO2 extraction 
via a response surface methodology (RSM) [11]. A Box-Behnken design (BBd) was used 
for developing a predictive model without data transformation. The experimental design 
and process optimization were adopted on the basis of coded levels from three independent 
process variables or factors, namely, time (t), temperature (T), and pressure (P) coded at 
three levels (-1, 0, +1) to predict caffeine recovery (wt. %) and yield (µg/mg pyrolysis oil) 
response as presented in Table 5.1. A Box-Behnken design using 15 experimental runs was 
chosen to study the caffeine extraction with the experimental runs performed in a 
randomized order, [12] then  fit to the classical second-order polynomial model with 
obtained regression coefficients. The recovery (wt. %) and yield (µg caffeine/mg pyrolysis 
oil) of caffeine obtained by SC-CO2 extraction was predicted as a function of independent 
variables as shown by equation (5.1):  
Yi = β0 + ∑ βiXi + ∑ βiiXi









                                                                 (5.1) 
      Here, Yi is the predicted caffeine recovery (wt. %) and caffeine yield, β0 is a constant, 
βi are model regression coefficients associated to linear effects, βii are regression 
coefficients linked to quadratic effects, and βij are regression coefficients for interaction 
effects, Xi and Xj are the levels of the independent variables examined (temperature, 
pressure and time). The accuracy of the model was determined by evaluating the lack of 
fit, coefficient of regression (R2), the Fisher test (F-Value), and null hypothesis using a P-
value obtained from analysis of variance.  
Table 5.5.1: Process variables and their corresponding regression coefficients, levels 
considered for caffeine extraction. 
   Levels  
Variable Factor Low (-1) Medium (0) High (+1) 




Temperature (K) X2 313 323 333 
Pressure (MPa) X3 14.5 24.9 35.2 
       
5.4.5 Supercritical Fluid Chromatography  
The analytical and semi-preparative supercritical fluid chromatography (SFC) device used 
(Thar SFC instrument, Pittsburgh, PA, USA) comprising a 4.6 mm i.d, C18 Kinetex reverse 
phase packed column (5 µm particle size) with a 100 Å pore size (Phenomenex, 00D-
4601-E0, Torrance, CA, USA) which is placed inside an oven with temperature control. 
The Figure for the SFC system has already been shown in the previous chapter, thus it was 
not presented in this chapter. Liquid CO2 and co-solvents (ethanol and methanol) are 
pumped using high pressure pumps and column pressure is controlled by a back pressure 
regulator, while the separation of caffeine from the complex pyrolysis oil is monitored by 
a UV-vis detector (Gilson, Inc, USA). The sample is injected through an autosampler six 
port valve (100 µL). The SFC system comprises six collector vessels in which the sample 
can be fractionated, with a make-up flow of solvent (ethanol) to enable complete recovery 
of analyte. The SFC was operated at pressure (28.3 MPa), and temperatures (333 K). The 
CO2 flowrate was kept at 2 mL/min. For each analysis, a gradient elution method was 
conducted using a 10% co-solvent which was held for 2 min and increasing to 30 % for the 
next 6 min and decreasing the % to 10%. A Partial loop (20 µL) injection of sample was 
carried out for analytical study. For the semi-preparatory separation, full loop injection 
(100 µL) was employed with sample concentration of 1000 mg/L. Successive injections 
were conducted until a reasonable amount of sample (26 mg) was purified. Fractions 
recovered from the collector were dried under vacuum, the mass of the recovered fraction 
was analyzed by HPLC. Semi-preparative SFC analysis were done in triplicates.  
5.4.6 Solvent Extraction 
Liquid-liquid extraction of aqueous pyrolysis oil was conducted using different 




the caffeine content in the pyrolysis oil. In each extraction, 2 g of pyrolysis oil was 
transferred to a 100 mL separation funnel and various extractions of caffeine rich phase 
were conducted using 2 mL of the above solvents after shaking the mixtures for 30 min. 
After completion of the extraction, the individual extracts of these solvents were collected 
and dried using a rotary evaporator (Heildolph, Germany) and diluted to a concentration of 
1, 2, 4 and 8.6 g/L for HPLC analysis, respectively.  
5.5 Thermodynamic Modeling  
The thermodynamic model employed to calculate the solubility of caffeine in pure and 
mixed scCO2 was treated as a pseudo-binary system. This model was based on the 
equifugacity condition between the solid and the fluid phase as shown in Eq. 5.2. Here, the 
solubility of the solvents (CO2 and modified CO2) is assumed to be negligible in the solid 
phase [13, 14]. 
 











]                                                                                          (5.2) 
 
where, ys is the solubility of the solute in the supercritical phase, Ps
sub is the saturation 
(sublimation) pressure of the solute at temperature T, φs
sub is the fugacity coefficient of the 
solute at saturation pressure, φs
SCFis the fugacity coefficient of the solute in the SCF phase, 
and  νc
M is the molar volume of the solute (caffeine). φs
SCFis calculated using the Peng-
Robinson equation of state (PR-EoS) with vdW-1f mixing rules.  
The Peng–Robinson equation of state (PR EoS) and van der Waals mixing rules used in 
this work for pure and mixed compound property calculations, are expressed according to 






ν(ν + b) + b(ν‐b)




Where P, ν and T are pressure, molar volume, and temperature, R is the universal gas 
constant and a and b are the energy and co-volume parameters given as follows:  




                                                                                                          (5.4) 






]                                      (5.5) 
b =  
0.07796 RTc
Pc
 ;   A =
aP
R2P2
  and   B =  
bP
RT
                                                                   (5.6) 
If the Peng Robinson equation of state is expressed in terms of Z 
Z3‐(1‐B)Z2 + (A‐3B2‐2B)Z‐(AB‐B2‐B3) = 0                                                                         (5.7) 
The fugacity coefficient φS
Sub for pure solid solute at saturation pressure is  
lnφS






] + Z‐1                                                       (5.8) 



















]           (5.9) 
Where, 
AV =  ∑ ∑ yiyj
ji
Aij , B
V =  ∑ yiBi
i
   ,
Aij = √AiiAjk (1‐kij) and  Ajk =  
√AjjAkk 
3




The PR-EoS was modified to predict the caffeine solubility in modified SC-CO2 by 
considering the binary interaction of CO2 and co-solvent (ethanol and methanol). The 
binary interaction of caffeine with the modified SC-CO2 was determined using Eq. 5.11: 
AV =  ∑ ∑ yiyj
ji
Aijk ,           B
V =  ∑ yiBi
i
   , Aijk = √AiiAjk (1‐kij)  
and  Ajk =  
√AjjAkk 
3
                                                                                                               (5.11) 
where, AV, BV represent the average attraction and finite size of the interacting molecules, 
respectively. Aijk is the cross coefficient for caffeine-modified scCO2 system and 
Aii, Ajj, Akk   are the dimensionless parameters for caffeine, CO2 and co-solvents. Ajk is the 
mixture parameter for CO2-co-solvent system. The complete set of PR-EoS equations are 
presented by Eq. 5.3 – 5.11. Sublimation pressure, Ps
sub, is calculated according to the 
correlation by Bothe and Cammenga  [15] as shown in Eq. 5.12: 
log10Ps
sub = 15.031‐ 
5781
T
             (T in K, P in Pa)                                                        (5.12) 
The binary interaction parameters (Kij) between caffeine and carbon dioxide for all 
isotherms (313, 323 and 333 K) were obtained by regression of the experimental data from 
this work and then, compared to literature data [13, 16-18]. The objective function used 
was to minimize the average absolute relative deviation (% AARD), as shown in Eq. 5.13. 
Here, yi exp are the experimental values, yi pred are the predicted values from the PR-EoS 










                                                                     (5.13) 
 
The diffusivity of caffeine in scCO2,  D12 was calculated using a modified Wilke-





 D12 =  






                                                                                                                (5.14)                                                                                                                  
where values of the   A and β were obtained from the regression analysis of experimental 
data of Lai and Tan [20], T is the temperature (K) at supercritical condition, MW is the 
molecular weight of the solvent (CO2), μ (Pa.s) is the viscosity of CO2 at T, P, VC is the 
critical molar volume of the diffusing solute (caffeine) in m3/Kmol,  ω1 and ω2 are the 
acentric factors for CO2 and caffeine, respectively. The viscosity of CO2 was calculated 
according to the Fenghour and Wakeham [21] method.. The physical properties of caffeine 
and CO2 as estimated by Fedors and Ambrose methods [13, 22] are presented in Table 5.2.  









    
 
aSolorzano et al. [13], bMehr et al. [22], cAspen Properties [23]. 
 
 
5.6 Results and Discussion 
5.6.1 Analysis of Pyrolysis Oil 
The unprocessed pyrolysis oil of spent coffee grounds was characterized using GC-MS 
as shown in Figure 5.2, with a large number of compounds detected. Table 5.3 provides 
the corresponding retention time, percent area and identification of the significant 
compounds detected in the pyrolysis oil matrix, including caffeine with 9.72 area %. The 
detected peaks in the pyrolysis oil matched with those of Bedmutha et al. [6]. GC-MS 
analysis of the fractionated pyrolysis oil, contained a variety of phenolic, aromatic, alkene 
and alcohol compounds (Appendix A.1). Although there are a large number of chemicals 
in the pyrolysis oil, our major focus was on the extraction of caffeine due to its high 
Compound Tc (K) Pc (MPa) νc
M(m3/Kmol) ω 
CO2a 304.30 7.39 0.09c 0.22 
Ethanol c 514.00 6.14 0.17 0.64 
Methanol c 512.50 8.08 0.12 0.57 




concentration, diverse high value applications and its well-studied thermodynamic 
properties in supercritical fluids.  
  












Table 5.3: GC-MS Characterization of the highest peaks identified in pyrolysis oil. 
Peak # Ret. Time (min) % Area Compounds  
4 5.7 1.5 Phenol 
9 9.1 1.4 Dodecane  
12 8.9 1.0 1-Dodecanol 
13 9.1 1.4 n-Dodecane  
18 10.4 1.1 1-Dodecene  
19 10.5 2.7 n-Tridecane 
30 12.8 9.8 n-Heptadecane  
43 14.5 1.9 8-heptadecene 
54 16.1 9.7 Caffeine 
57 16.4 3.9 n-Hexadecanoic acid  
65 17.6 1.4 Oleic acid, hexyl ester 
67 17.7 3.7 Isobutene oxide 
69 18.3 2.5 Dodecanamide 
Sum       41.0  
 
5.6.2 FT-IR Analysis of Pyrolysis Oil of SCG 
        Fourier transform infrared spectroscopy (FT-IR) is an important method for the 
qualitative analysis of organic compounds, present in multicomponent mixtures. The FT-
IR study of caffeine standard and spent coffee ground bio-oil was carried out in the range 
500-4000 cm-1 to identify the functional groups and also indicate the complex nature of 
pyrolysis oil (see Figure 5.3). FT-IR spectra of the pyrolysis oil showed various peaks, 
however, only sharp peaks are considered. The peaks seen at ~2924 cm-1 and ~ (2845-2856 




of the CH2 and CH3 group present in alkaloids and fatty acids [24-26].  The bandwidth 
centered at wavelength ~ 3309 cm-1  may be attributed to the stretching of O-H bonds found 
in fatty acids [25]. The carbonyl compounds that appears due to the presence of lipids or 
ester can be seen at ∼1743 cm−1 [27, 28], and the peak that appears at ∼1632 cm−1 is 
attributed to the vibrational frequency of carbonyl group of amides  [27], while the –C–H 
bending of alkanes are observed at the absorption wavelength of ∼1456 cm−1 [28]. As can 
be seen in Figure 5.3, the functional groups of caffeine corresponding to aromatic amine, 
alkene, carbonyl and alkyl are seen at peaks stretching of ~ 1250 cm-1, 1680 cm-1, 1743 
cm-1, and 2950 cm-1, respectively.  
 
Figure 5.3: FT-IR spectra: (I) caffeine standard; (II) crude spent coffee ground 
pyrolysis oil. 
Since GC-MS is not a quantitative technique to determine analyte concentration, HPLC 
analysis was utilized to quantify the caffeine content in the pyrolysis oil (as shown later). 
To further analyze the caffeine content in the pyrolysis oil and confirm the HPLC analysis, 
solvent extraction of caffeine in the pyrolysis oil was conducted using four different 
solvents (methanol, DCM, ethyl ether and hexane). The maximum caffeine yield was 





Figure 5.4: Extracted caffeine yields per gram of pyrolysis oil using solvent extraction 
at room temperature. 
5.6.3   Design of Experiment Analysis 
An initial Box-Behnken design of experiments (DOE) was carried out to examine the 
effects of temperature, pressure and time on the batch SFE-CO2 extraction of caffeine 
containing pyrolysis oil (see Table 5.1). The experimental results with corresponding run 
number, process variable and their corresponding experimental values of caffeine yield (µg 
of caffeine extracted/mg of pyrolysis oil in the feed) and caffeine recovery (mg of caffeine 
extracted/mg of caffeine in pyrolysis oil  ×100) are presented in Table 5.4 along with their 
standard deviation. The different SFE-CO2 experiments in the DOE approach produced a 
range of  experimental caffeine yields (1-5.4 µg caffeine/mg pyrolysis oil) and caffeine 
recovery (3.9- 20 wt. %) as shown in Table 5.4. These yields and recoveries of caffeine 
were determined by quantitative HPLC (Appendix A.1).  
 





Table 5.4: Results of supercritical carbon dioxide extraction of caffeine in terms of 
caffeine yield (µg of caffeine extracted/mg of pyrolysis oil in the feed) and caffeine 
recovery (mg of caffeine extracted/mg of caffeine in pyrolysis oil ×100). 









 Yield  
(µg/mg pyrolysis oil) 
Recovery 
 (wt. %) 
1 313 14.5 20  1.3 ± 0.27 4.8 ± 0.10 
2 313 35.2 20  3.7  ± 0.06 13.7 ± 0.08 
3 323 24.9 20  2.6  ± 0.21 9.6 ± 0.10 
4 333 24.9 30  2.7  ± 0.15 10.0 ± 0.27 
5 333 35.2 20  5.4  ± 0.18 20.0 ± 0.17 
6 323 35.2 10  3.6  ± 0.22 13.3 ± 0.10 
7 323 14.5 30  1.1  ± 0.16 4.1 ± 0.17 
8 323 35.2 30  3.6  ± 0.25 13.3 ± 0.28 
9 323 24.9 20  2.9  ± 0.21 10.7 ± 0.13 
10 313 24.9 10  1.7  ± 0.22 6.3 ± 0.15 
11 323 24.9 20  3.1  ± 0.21 11.5 ± 0.20 
12 333 14.5 20  1.3  ± 0.25 4.8 ± 0.10 
13 333 24.9 10  2.7 ± 0.13 10.0 ± 0.07 
14 323 14.5 10  1.0 ± 0.10 3.7 ± 0.08 
15 313 24.9 30  
1.8 ± 0.11 
6.7 ± 0.07 
 
5.6.4   ANOVA Analysis for SFE of Caffeine Yield using Pure CO2 
ANOVA analysis for response surface quadratic model was performed to determine 




shown in Table 5.5. As can be seen in these Table, the ANOVA analysis shows that the 
coefficient of factors namely: temperature, pressure, temperature/pressure interaction 
and square of time are significant, since their p-values are less than 5 %, which 
correspond to the bold values presented in Table 5.5. For caffeine reovery, the regressed 
model obtained an F-value of 30, respectively indicating that the quadratic model is 
significant. In addition, the p-value of the lack of fit value of 0.472 was obtained for 
caffeine recovery, which suggests that insignificant lack of fit is good for precise data 
fitting (see Table 5.5). The adequate precision (PRESS) which is a measure of the signal 
to noise ratio for both dependent variables (caffeine recovery) was found at 59, indicating 














Table 5.5: ANOVA results for RSM optimal design of caffeine recovery (wt. %) 
showing the respective sum of squares, degree of freedom (DF), mean square, F-
values and p-values. 
Source DF Seq SS Adj SS Adj MS F P 
Regression 9 283.587 283.587 31.51 30.01 0.001 
Linear 3 252.925 252.925 84.308 80.29 0 
T (K) 1 21.78 21.78 21.78 20.74 0.006 
P (MPa) 1 231.125 231.125 231.125 220.12 0 
t (min) 1 0.02 0.02 0.02 0.02 0.896 
Square 3 20.735 20.735 6.912 6.58 0.035 
T2 1 0.003 0.047 0.047 0.04 0.841 
P2 1 0.987 0.421 0.421 0.4 0.555 
t2 1 19.745 19.745 19.745 18.8 0.007 
Interaction 3 9.928 9.928 3.309 3.15 0.124 
TP 1 9.923 9.923 9.923 9.45 0.028 
Tt  1 0.002 0.002 0.002 0 0.963 
Pt  1 0.002 0.002 0.002 0 0.963 
Residual Error 5 5.25 5.25 1.05   
Lack-of-Fit 3 3.43 3.43 1.143 1.26 0.472 
Pure Error 2 1.82 1.82 0.91 30.01 0.001 
Total 14 288.837     
 
A quadratic second order polynomial model using non-linear regression was developed 




Recovery (wt. %) =  ‐56.5 + 0.51T‐4.56 P + 0.84 t + 0.015 T P + 0.00025 Tt +
0.00024 Pt ‐0.001 T2 + 0.003 P2  ‐0.023 t2                                                                     (5.15)  
5.6.5 Response Surface Optimization 
          Response surface optimization of caffeine recovery was examined in the range of 
the SFE-CO2 experimental conditions. Three dimensional surface plots were generated 
after completion of optimization in order to visualize the combined influence of process 
variables (T, P and t) on caffeine recovery and yield (Figure 5.5). According to the response 
surface curves, 19.4 % of the available caffeine was recovered at 35.2 MPa, 333 K, 20 min, 
which is in good agreement with the experimental recovery of 20 wt. %.  














Figure 5.5: Response surface optimization plots for the caffeine recovery (wt. %) as a 
function of: (a) temperature and pressure at 20 min; (b) pressure and time at 333 K; 
(c) temperature and time at 35.2 MPa. 
 
5.6.6 SFE-CO2 Extraction Yield Measurement Around the Optimum 
Process Condition 
Further experimentation was performed around the DOE optimum to more fully 
investigate the effects of extraction temperature and pressure on caffeine yield. Figure 5.6a 
shows the effect of SFE T and P on caffeine yield, using extraction times of 20 mins 
(optimum from DOE results). The highest caffeine yield (5.4 µg/mg pyrolysis oil) and 
caffeine recovery (21 wt. %) were obtained at 35.2 MPa, 333 K. Generally, caffeine yield 
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increased solubility in this region (333 K, 30-35.2 MPa) [13, 16, 17]. The effect of pressure 
on caffeine extraction proved to be the most significant process variable according to the 
ANOVA analysis as shown in Table 5.5. It can be observed that caffeine extraction from 
pyrolysis oil is also strongly dependent on temperature, attributed to the increased vapor 
pressure of caffeine in the pyrolysis oil-sc-CO2 mixture and the slight increase in 
diffusivity, subsequently increasing the solubility of caffeine in the supercritical CO2 as 
explained by Lai et al. [20]. In comparison to literature, Andrade et al. [29] obtained a 
maximum caffeine yield of 4 µg/mg from pure sc-CO2 extraction of spent coffee grounds 
(non-pyrolyzed) at 30 MPa, 333 K and 2.3 h extraction time. In addition, Bermejo et al. 
[30] obtained a caffeine recovery of 52.6 wt. % from green tea leaves using SFE-CO2 with 
2% of ethyl lactate as a co-solvent under extraction conditions of 30 MPa and 343 K from 
green tea leaves [30].  
 
Figure 5.6: SFE-CO2 extraction of caffeine in terms of: (a) caffeine yield (µg caffeine 
in the extract/mg pyrolysis oil) as a function of temperature at constant pressure; (b) 
caffeine recovery (mg caffeine in the extract/mg caffeine in the feed ×100) as a 





To better compare our SFE extraction efficiency with that of the literature, the 
experimental values of caffeine solubility from pyrolysis oil were calculated based on the 
assumption that the solute-scCO2 system reaches equilibrium as the CO2 flows over the 
solute [31]. The thermodynamic results were then modeled using the PR-EoS with vdW 
mixing rules as a function of pressure, temperature and density of scCO2 (Figure 5.6). The 
calculated values are compared with both our experimental results and those from the 
literature [13, 16-18]. The sublimation pressure of caffeine was calculated at 313, 323 and 
333 K (Table 5.6) according to Eq. 5.12 in section 5.5 and subsequently used to calculate 
the fugacity coefficient of caffeine at each saturation pressure. It is important to note that 
the kij values are always negative indicating strong interaction between caffeine and scCO2. 
The optimized % AARD between the experimental and predicted solubility from the 
regression analysis is also reported in Table 5.6, with the lowest deviation (7.9 %) obtained 
for the isothermal solubility at 313 K. 




sub (MPa) kij % AARD for solubility 
313 
3.76 E-10 -0.44 7.9 
323 
1.36E-09 -0.45 10.6 
333 
4.68E-09 -0.45 8.4 
As can be seen in Fig. 5.6a, caffeine solubility in scCO2 at constant temperature 
increases with increasing pressure, and the predicted solubility agrees well with the 
experimental values in this work and those in published literature [13, 16-18]. It is 
important to note that caffeine solubility increased by about 1.4 times when the pressure of 
CO2 increased from 14.5-35.2 MPa at 313 - 333 K due to larger physical interaction 
between caffeine and scCO2.  Considering the effect of temperature on caffeine solubility, 




900 to 850 Kg/m3, while increasing the vapor pressure of the caffeine, subsequently 
increasing the solubility of caffeine (Fig. 5.7b). Although solubility generally increases 
with temperature, there seems to be a crossover pressure below which increasing 
temperature does not increase the solubility as can be seen in Fig. 5.7a.  Calculated 
crossover pressure for caffeine-scCO2 occurred between 15-25 MPa and 313-333 K, due 
to the competing effects of solute vapor pressure and solvent density  [32]. Excellent 
agreement with the experimental data indicates that the thermodynamic model adopted in 
this work performed well to calculate solubility of caffeine in scCO2 from a complex 
pyrolysis oil mixture. 
  
Figure 5.7: Solubility of caffeine in pure supercritical carbon dioxide as a function of 
variables: (a) pressure and (b) density: T= 313 K: , experimental data (this work), 
, literature data [13, 16, 17]; T = 323 K: , experimental data (this work), , [18]; 






5.7.1 Observation of Phase Behavior Between Pyrolysis Oil snd ScCO2 
      The results of the phase behavior of pyrolysis oil-scCO2 mixture are reported in Figure 
5.8. As can be seen from Figure 5.8a, d, g two phases can be observed (scCO2 and pyrolysis 
oil rich phase) when operating at isothermal conditions T= 313, 323 and 333K and low 
supercritical pressure (14.5 MPa). Increasing the pressure to 28.3 MPa (Figure 5.8b, e, h) 
and 35.2 MPa (Figure 5.8c, f, i) reduced the lower liquid phase rich in pyrolysis oil until a 
slightly single phase is observed. From Figure 5.8i, it can be seen that more pyrolysis oil 
is dispersed into the supercritical CO2 rich phase when operating at 333 K and 35.2 MPa 
for all isotherms examined leading to increased separation of caffeine into the lower phase. 
This visually explains the phase separation occurring in the SFE-CO2 experiments allowing 
high isolation of caffeine, corroborating the SFE results. 
 
 
Figure 5.8: Phase equilibria for bio-oil + carbon dioxide system at various conditions: 
(A-C) T= 313K at 14.5 MPa, 28.3 MPa and 35.2 MPa; (D-F) T= 323K at 14.5 MPa, 




5.7.2 Effect of Co-solvents on Caffeine Extraction  
From the above SFE results, extraction of caffeine from pyrolysis oil is feasible using 
pure scCO2 with about 21 % recovery. However, the isolation of caffeine might be further 
enhanced by using co-solvents. Therefore, both ethanol and methanol were investigated as 
co-solvents at 5 and 10 wt. % to examine their effect on the extraction yield and recovery 
of caffeine from the pyrolysis oil. The results of co-solvent extraction are presented in 
Figure 5.9, in which the caffeine recovery as a % of the maximum caffeine present is 
plotted versus extraction pressure.  The results show that addition of polar modifiers to 
scCO2 significantly increased the amount of caffeine extraction yield. The best results were 
obtained at 10% EtOH, when up to 24.4 µg caffeine/mg pyrolysis oil was produced at 35.2 
MPa. This is 4.5 times higher than the caffeine yield using pure SFE-CO2 (5.4 µg 
caffeine/mg pyrolysis oil) and is 90% of the amount of caffeine contained in the pyrolysis 
oil. Using 10 % MeOH, around 73 wt. % of the caffeine was extracted, lower than that of 
10% EtOH. Andrade et al. [29] obtained a caffeine yield of 3.3 µg caffeine/mg spent coffee 
grounds (unpyrolyzed) using 8% EtOH/92 % scCO2 at 20 MPa, 323.15 K and 2.3 h 
extraction time. Bermejo et al. [30] obtained a caffeine yield of 14.2 µg/mg from green tea 
using 2% ethyl lactate/98% CO2 at conditions of 343 K, 30 MPa, extraction time of 3.5 h 
and a flowrate of 9 kg/h. W.-J. Kim et al. [33] obtained a caffeine yield (21.6 µg/mg) from 
green tea using 7% H2O/93% CO2 at 353 K, 40 MPa and extraction time of 5 h. Our results 
gave higher caffeine extraction from the pyrolysis oil, likely due to the breaking down of 
the coffee ground matrix by pyrolysis. Examining the concentration of caffeine (mg 
caffeine in the extract/mg of extract ×100) by HPLC for both ethanol and methanol 
mixtures with scCO2, EtOH showed a better separation of caffeine (Fig. 5.9b), indicating 
a smaller amount of impurities, particularly compared to the unprocessed pyrolysis oil.  
The enhanced caffeine yield and recovery are likely due to the solubility enhancement 
for caffeine in the mixed solvents [34], and increased hydrogen bonding between scCO2 




temperature of the supercritical mixtures, leading to increased density and increased 
solvation power of the scCO2 mixtures [18, 35, 36].   
  
Figure 5.9: (a) Effect of co-solvents on caffeine recovery from pyrolysis oil. Extraction 
condition: 333 K, 20 min, (b) HPLC spectra for crude pyrolysis oil, scCO2/10 % 
methanol extract and scCO2/10 % ethanol extract; at equilibrium extraction time 
(t=20 min), isobaric condition (35.2 MPa) and isothermal temperature (T = 333 K).  
 
Caffeine solubility in the modified supercritical solvents was determined at 333 K and 
in the range of operating pressure by experiments and thermodynamic modeling using PR-
EoS with a modified vdW mixing rules (Fig. 5.10). The calculated values are compared 
with experimental data presented in this work and published work [18, 34]. The 
sublimation pressure and fugacity coefficient of caffeine at 313, 323 and 333 K and each 
saturation pressure were calculated as mentioned in section 5.5. For the scCO2/EtOH mixed 
system at 333 K, caffeine solubility increases with increasing pressure, and the predicted 




literature [13, 16-18]. However, thermodynamic model did not perform as well in mixture 
of polar solvent and scCO2 as compared to pure scCO2. The lowest % AARD (38.8 %) was 
obtained for the isothermal solubility at 333 K using 10 % EtOH as a co-solvent, while 5% 
EtOH system led to a 54% AARD.  
 
Figure 5.10: Solubility of caffeine in supercritical mixtures as a function of pressure: 
(a) experimental data with ethanol/scCO2 at 333 K (this work), Literature data at 343 
K for 5% and 10% EtOH, [18]; (b) experimental data with MeOH/scCO2 at 333 K 
(this work), Literature data at 333 K for 5% and 10% MeOH, [34]. Lines are the PR-
EoS with modified vdW mixing rule fit. 
 
The regressed kij values are negative indicating strong interaction between caffeine and 
scCO2/co-solvent mixtures. It is important to note that the modified PR-EoS with vdW-1f 
mixing rules worked best for the 10 % co-solvent systems for both ethanol and methanol. 
The largest deviation was observed for the 5% EtOH system with 62% AARD. Comparing 
caffeine solubility in pure and modified scCO2 systems at optimum temperature (333 K) 
and pressure (35.2 MPa), it is evident that caffeine solubility increased by about 7.7 times 




    
5.7.3 Mass Transfer Modeling       
A mass transfer model for caffeine extraction from pyrolysis oil by scCO2 was 
developed following the work of  Puiggené et al. [37]. The mass transfer coefficient and 
caffeine flux across an inert loosely packed sand bed were obtained using the correlation 
of Wakao and Kaguei [38], given by Eq. [(5.16)-(5.20)], valid for Reynolds number, Re 
between 3-3000 and Schmidt number, Sc in the range of 0.5-10,000.  
Re =  
ρCO2  udp
μ




                                                                                                                                    (5.17) 
Sh = 2.0 + 1.1Re
0.6Sc1/3                                                                                                      (5.18) 
Sh =  
KCdP
D12
                                                                                                                               (5.19) 
J =  KCρCO2(ys‐0)                                                                                                                    (5.20) 
 
where, ρCO2 is the density of scCO2, dp is the particle diameter of sand, μ and ν  are the 
viscosity and kinematic viscosity of scCO2, respectively, Sh is the Sherwood number, KC 
is the mass transfer coefficient, and J is the mass flux of caffeine from the pyrolysis oil to 
the supercritical fluid phase. The superficial velocity, u was estimated using volumetric 
flowrate of the solvent and the cross sectional area of the sand bed. 
The calculated diffusivity of caffeine in scCO2, D12 according to the modified Wilke-
Chang equation (Eq. 5.14) is presented in Fig. 5.11. The optimal regressed values for 
constants A and β (Eq. 5.14) are 1.33 × 10‐16 and 0.405, respectively. This equation has 
been tested for estimating the diffusivity of caffeine in scCO2 at temperatures 308, 313, 
318, 328 K and compared with the available literature data [20] (Fig. 5.11). The results are 
in good agreement with a minimum % AARD (9%) between the experimental and 
calculated values. The diffusivity of caffeine in scCO2 decreased with an increase of CO2 





Figure 5.11: Diffusivity of caffeine in scCO2 as a function of pressure and density 
showing comparison of predicted values (this work) with experimental data from 
literature [19, 20]. 
In addition to the modified Wilke-Chang model, the original Wilke-Chang (WC) [19], 
Stoke-Einstein (SE) [20], Funazukuri et al. (FI) [20] and Lai and Tan (LT) [20] (Eqs. (A.1)- 
(A.6)) were used to calculate diffusivity, with the results presented in Table 5.7.  It can be  
seen that both the original and modified Wilke-Chang and Stoke-Einstein models predict 
diffusivity of caffeine in scCO2 well. 
Table 5.7: Comparison of various correlations tested for estimation of diffusivity of 
caffeine in scCO2. 
Model 
Eq. 




WC (A.1) SE (A.2) FI (A.3-A.4) Lai (A.6) 
% AARD 21 9 10 10 32 38 
      
  The  calculated mass transfer parameters are presented in Table 5.8. The effect of 
increased scCO2 pressure (35.2 MPa) and temperature (333 K) was found to increase 




175 ×10‐5 Kg m2. s⁄ . However, lower mass transfer coefficients were obtained at elevated 
pressure (35.2 MPa) for all temperatures at  313-333 K due to the low diffusivity values of 
caffeine in scCO2, however, this effect was compensated due to the increased solubility of 
caffeine at elevated pressure and temperature, leading to increased caffeine flux.  The mass 
transfer modeling also indicates a greater effect of P than T on the scCO2 extraction of 
caffeine, corroborating the extraction results. The mass of caffeine extracted by SFE was 
compared with predictions from the mass transfer model (Table 5.8). The %AARD 
between the experimental and mass transfer model was found to be 10.9% indicating a 
good match. This mass transfer model will help in developing a biorefinery of the future 
















Table 5.8: Experimental conditions and mass transfer parameters for caffeine 
extraction using pure scCO2. 
  × 105 × 108 × 108    × 105 × 105   
P ρ μ  ν  D12 Re Sc Sh KC J  Mexp. Mpred. 
(MPa) (Kg m3⁄ ) (Kg m. s⁄ ) (m2 s⁄ )  (m2 s⁄ ) (-) (-) (-) (m s⁄ ) (Kg m2. s⁄ ) (mg) (mg) 
    T = 313 K 
14.5 765 6.7 8.7 0.83 38 10 23 66 44 1.00 0.96 
24.9 880 8.7 9.9 0.64 34 16 25 53 102 1.51 1.87 
28.3 899 9.2 1.0 0.61 33 17 25 51 124 1.75 1.93 
35.2 935 10.2 1.1 0.55 31 20 25 46 155 2.80 2.30 
    T = 323 K   
14.5 668 5.5 8.3 1.04 41 8 22 77 46 0.91 0.96 
24.9 835 7.8 9.3 0.74 36 13 24 59 109 2.03 2.15 
28.3 858 8.3 9.6 0.70 35 14 24 57 133 2.51 3.02 
35.2 900 9.3 1.0 0.63 33 16 24 52 166 3.12 3.37 
    T = 333 K   
14.5 573 4.5 7.9 1.31 43 6 21 92 47 0.90 0.82 
25.0 788 7.0 8.9 0.85 38 11 23 66 115 2.30 2.26 
28.3 815 7.5 9.2 0.80 37 11 23 63 140 3.00 3.23 
35.2 864 8.5 9.8 0.70 35 14 24 57 175 4.13 4.12 
Particle diameter, dp = 2.97 × 10
‐4m, Mexp., experimental mass of extracted caffeine 
and Mpred., predicted mass of extracted caffeine.  
5.7.4 Purification of Caffeine from Pyrolysis Oil Extract by SFC  
The modified scCO2 extract with the best yield (10% ETOH/90% CO2) at 35.2 MPa and 
333 K was further purified by semi-preparative SFC. The SFC chromatogram showing the 
collected peak is presented in Figure 5.12. The elution of standard caffeine was first studied 




35.2 MPa, 333 K and a flowrate of 2 mL/min was further purified. The best separation 
condition for recovering caffeine from pyrolysis oil by SFC was found using ethanol as a 
co-solvent % (10-30 wt. %) in gradient mode, retention time between (0.72-0.9 min) and 
pressure of 28.3 MPa (see Figure 5.12). As can be seen in the figure, a huge peak was 
eluted from the preparatory column which validates the high solubility and recovery of 
caffeine in ETOH/CO2 mixture previously found from SFE experiments around this 
pressure and at 338 K. This allowed for 0.85 mg of caffeine to be purified per 100 µL 
injection of 1000 mg/L sample. A total of 26 mg was recovered from the pyrolysis oil 
extract at this operating condition.  
 
 
Figure 5.12: SFC spectra of caffeine as purified by semi-preparatory column, 





The GC-MS analysis showed that pyrolysis oil of spent coffee grounds is a potential 
feedstock for generating valuable nutraceuticals such as caffeine using scCO2. SFE 
extraction in the operating conditions examined gave a maximum caffeine recovery of 90 
wt. % at 333 K and 35.2 MPa with the addition of 10% EtOH to scCO2 which performed 
better that using pure scCO2. Evaluation of the solubility and mass transfer models of the 
SFE process showed that caffeine isolation is enhanced by both operating pressure and 
temperature, while the effect of pressure was more significant, which was also confirmed 
by the mass transfer model. Recovery of caffeine in this work is greater than that previously 
reported using spent unpyrolyzed coffee grounds and green tea with modified scCO2, 
demonstrating the ease of extraction of caffeine from the pyrolysis oil than that from a solid 
matrix of coffee grounds. This work demonstrates a biorefinery concept of using SFE for 
high recovery of valuable compounds from a heterogeneous matrix of pyrolysis oil. 
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6 Conclusion and Recommendations 
6.1 Conclusion 
Non-traditional solvents are desirable in the development of inexpensive and non-toxic 
extraction processes. Supercritical carbon dioxide with the addition of different polar 
solvents (ethanol and methanol) and a natural soybean surfactant (acetylated 
phosphatidylethanolamine) have been studied for the valorization of compounds from 
microalgae. In the last study, pyrolysis oil of spent coffee grounds is used as feedstocks for 
generating caffeine using supercritical CO2 with the addition of different polar solvents 
(ethanol and methanol). 
The study presented in Chapter 3 up to Chapter 4 provides a sequential process route for 
using the synthesized acetylated phosphatidylethanolamine (N-A-PE) surfactant as a co-
solvent with supercritical CO2/ethanol mixture for dissolving lipids, lutein and chlorophyll 
from microalgae (Chlorella pyrenoidosa).   Phosphatidylethanolamine was successfully 
prepared by acetylation with acetic anhydride to provided faster separation from soybean 
lecithin. The synthesized phosphatidylethanolamine was studied in pure CO2 to determine 
its solubility. It was found that N-A-PE was more soluble in dense CO2. This led to further 
test of this surfactant for SFE applications for recovering lutein and chlorophyll. The best 
condition for extracting these compounds were determined by experimental design using 
ANOVA analysis and response surface optimization. The optimum condition for 
recovering algae oil was found to be at temperature of 338 K, pressure of 40 MPa and CO2 
flowrate of 2 mL/min. The experimentation of N-A-PE at different amounts in CO2 and 
mixed CO2 was studied. The best oil yield of 52 wt. % was obtained using a low amount 
of ethanol (6 mL) in CO2 at N-A-PE:algae mass ratio of 0.6 in mobile phase (5% 
EtOH/95% CO2) at 40 MPa, 338 K and 2 mL/min which was 5 times higher than 
extractions with pure organic solvents studied. The fatty acids contained in this oil was 
transestericated with methnolic KOH and was found to be useful for bio-diesel production, 




advantageous in literature towards biodiesel usage. For example, the using this extraction 
method at the best reported condition using N-A-PE:algae mass ratio of 0.6 in mobile phase 
(5% EtOH/95% CO2) at 40 MPa, 338 K and 2 mL/min gave  yields of principle biodiesel 
fatty acids C16:0, C18:1, C18:2 and C20:4 corresponding to 27, 17, 18 and 4 mg/g dry 
algae, respectively which was higher compared to other FAMES obtained at the same 
extraction and transestification condition. In terms of FAME purity, the use of a binary 
mixture of CO2 plus different N-A-PE:algae mass ratio (0.2, 0.35, 0.6) after 120 min, 
provided similar purity as compared to the best organic solvent extraction method with 240 
min ethanol. The total FAME content was found at 240 mg/g extracted oil which performed 
close to that of ethanol (350 mg/g extracted oil). Other useful compounds found in the 
algae oil were extracted using the developed surfactant method. DOE and RSM could find 
the optimum extraction condition for lutein (338 K, 40 MPa and 2 mL/min), chlorophyll a 
at 338 K, 40 MPa, 1.3 mL/min and chlorophyll b (338 K, 40 MPa, 1.3 mL/min). Further 
SFE using the different N-A-PE additions in pure and mixed CO2 found that a high lutein 
recovery of 54 wt. % was obtained by employing recovery at optimum condition found 
from RSM 338 K,40 MPa and 2 mL/min at after 120 min extraction, which was 60 times 
higher than extraction with pure CO2. Chlorophyll a was best extracted at 338 K, 40 MPa, 
1.3 mL/min using 7.5% ETOH/92.5% CO2 at N-A-PE:algae mass ratio of 0.35 providing 
a maximum yield of 532 µg/g dry algae. However, the extraction yield using surfactant 
plus ethanol/CO2 mixtures provided similar yields with binary solvent methods of 
ethanol/CO2 mixtures. The best chlorophyll b yield was obtained using 10% ETOH/90% 
CO2 without N-A-PE at 338 K, 40 MPa, 1.3 mL/min leading to a maximum yield of 2760 
µg/g dry algae. 
The recovery of caffeine from pyrolysis oil of spent coffee grounds was successfully 
accomplished using a developed scCO2 extraction method. Pure and modified CO2 were 
studied extensively for this purpose. The pyrolysis oil was successfully characterized by 
GC-MS, HPLC and FT-IR analysis to determine caffeine content (27 mg/g pyrolysis oil), 
quantify and find the functional groups of compounds in the oil. In addition, DOE and 
RSM were used as guide to determine the optimum extraction condition from pyrolysis oil, 




The best condition for recovering 90% of caffeine from this pyrolysis oil was achieve at 
35.2 MPa, 333 K and 20 min extraction time at a flowrate of 1 mL/min. Further purification 
by supercritical fluid chromatography (SFC) could provide at least 99.9 % purity when 
oprating the SFC at a pressure of 14.5 MPa, temperature of 333 K, flowrate of 2 mL/min, 
using 10-30% ethanol gradient method as a co-solvent in CO2. The developed extraction 
method using ethanol plus soybean surfactant as a co-solvent in supercritical CO2 is found 
to be a feasible process valorization route for deriving high value chemicals from biomass 
and biofuel.   
 
1.2 Recommendation 
The following recommendation should be studied for future work following the developed 
method for microalgae and pyrolysis oil: 
I. The addition of the synthesized soybean surfactant (N-A-PE) to gas-liquid 
expanded solvent like CO2-expanded methanol for the extraction of lipids, 
carotenoids and chlorophyll should be considered. 
 
II.  Testing of N-A-PE in supercritical CO2 should be done at a larger scale to further 
support the efficiency obtained in this study and to enhance commercialization of 
this application. 
 
III. Extraction of other valuable compounds with high medicinal value like astaxanthin 
from microalgae should be considered to further valorize algae.  
 
IV. The storage of lutein at room temperature should be studied using N-A-PE/EtOH 
mixture as an alternative to using vegetable oil like soybean oil, which is commonly 





V. Supercritical carbon dioxide should be considered as a solvent for recovering 
phenolics high antioxidant properties from pyrolysis oil to help offset the high 
















A.1 Calibration Analysis of Some Target Compounds 
 
 
Figure A.1: Calibration curve for compounds studied in this work: (a) 







A.2  FT-IR Analysis of Crude Algae Oil 
Fourier transform infrared (FT-IR) spectroscopy is an important technique for the 
qualitative analysis used to determine the functional group of compounds present in 
biomass products such as pyrolysis oil and microalgae. The FT-IR analysis of microalgae 
oil was performed in the wet state to determine various functional groups and also to 
indicate the complex nature of algae. The FT-IR spectrum of the algae oil is measured in 
the range of 400-4000 cm-1 and is shown in Figure A.2. Major peaks showing the functional 
groups of triglycerides and free fatty acids are considered.  
The bandwidth centered at wavelength 3303 cm-1 may be attributed to the stretching of 
O-H bonds found in fatty acids, carbohydrates and proteins [72, 124]. The peaks seen at 
2905 cm-1 and 2850 cm-1, respectively corresponds to the asymmetric and symmetric 
stretching of the C-H bond of the CH2 group present in fatty acids [121, 124, 131]. The 
carbonyl content that appears due to the lipids is found at 1750 cm-1 [72]. The peaks that 
occurs at 1453 cm-1 (1466-1437 cm-1) and the peak wavelength ~1246 cm-1 (1246-1016 
cm-1) support the stretching vibration of the (C-O) ester groups [124]. The peaks found at 






Figure A.2: FT-IR spectra showing the functional group of triglycerides and free fatty 
acids found in microalgae (Chlorella pyrenoidosa) oil before transesterification. 
 
A.3 Characterization of Pyrolysis Oil by GC-MS and FT-IR 
Table A.1: Classification of compounds by functional group and peak area % of spent 
coffee ground pyrolysis oil using FT-IR and GC-MS. 
FT-IR functional group 
(wavenumber, cm-1) 










62,63,67, 58, 80, 82,  
5.76 Decane 1.46 











83) 10.54 Tridecane 2.67 
13.78 Heptadecane 9.76 
12.32 Cyclohexane,(2-methylpropyl) 0.09 








17.10 1-Decanethiol 0.28 
17.50 Silane, trichloroeicosyl 0.46 







21.06 Heptasiloxane, hexadecamethyl 0.27 
21.76 Eicosamethylcyclodecasiloxane 0.21 
Alkane (2924) and alcoholic 
group (3309) 
(12, 40, 49, 72) 
8.97 1-dodecanol 1.03 
14.32 1,9-nonanediol 0.30 
14.91 9-Octadecen-1-ol 0.35 
18.66 3-Dodecanol, 3,7,11-trimethyl 0.75 
Aromatic (742) and alkane 
group (2856) 
(1, 2, 6, 16, 17, 21, 27, 47) 
4.24 Benzene, (3,3-dimethylbutyl) 0.54 
5.47 Benzene, 1,2,3-trimethyl 0.26 
6.76 Benzene, butyl 0.18 
10.04 Benzene, hexyl 0.37 
10.12 Benzene, (1,3-dimethylbutyl) 0.28 
11.48 Benzene, heptyl  0.12 




14.76 Benzene, (1-methylheptyl) 0.15 
Aromatic (742), alkyl halide 










 Aromatic (742), alkene 
(1652) and alcohol (3264) 
(4, 8, 10) 
5.76 Phenol 1.46 
7.39 Phenol,2-methyl 0.49 
8.32 Benzenemethanol,alpha-2-propenyl 0.33 
Alkene (1680) 
(3,7,14,18,24,25,28,29,38,43) 
5.63 1-decene 0.19 
7.32 1-undecene 0.61 
9.19 4-dodecene 0.18 
10.44 1-dodecene 1.10 
11.82 2-tetradecene 0.45 
11.93 trans-7-pentadecene 0.4 
14.53 8-heptadecene 1.89 
Alkyne (stretching at 2100) 
(41, 53) 
14.42 7-hexadecyne 0.33 
15.77 1-octadecyne 0.1 












Ester (1234) and (1704)   
(57,59, 65, 68,71,76) 
17.84 Palmitic acid methyl ester 0.57 
16.88 n-hexadecanoic acid 3.89 
17.59 9-octadecanoic acid (9Z)-,hexyl ester 1.40 






18.59 5,8,11,14,17-Eicosapentaenoic acid, 
methyl ester 
0.94 
19.12 Eicosanoic acid, methyl ester 0.22 
Carbonyl (1743), ether (1100) 
and alkene (1680) 
(64) 
17.55 5-decen-1-ol,acetate 0.76 
Alkane (2856), alkene (1680) 
and alcohol (3309) 
(85) 
23.48 Beta-Sitosterol 0.29 
Alkene (1680), alkane (2856), 




(81) 15.52 10 undecen-1-al,2-methyl 0.42 
Aromatic amine (1250), 
alkene (1680), carbonyl 








Amine (3300) and carbonyl 
(1743) 
(69, 73, 77, 79) 
18.31 Dodecanamide 2.45 
18.77 N, N-Dimethyldodecanamide 0.4 
19.45 9-octadecenamide 0.64 
19.60 Octadecanamide 0.69 
Carbonyl (1743), alkyl halide 






Carbonyl (1743) and alkane 
(2856) 
(86) 
24.41 16-Hentriacontanone 0.66 
Alkane (2856), Nitro (1552) 
 




Nitrile  (2211) 
(75) 
19.06 Eicosananitrile 0.36 
Alkene (1680), Alkane 
(2856), Alcohol (3309), alkyl 
halide (1377) 
(46) 
14.70 2-Dodecen-1-ol, 12-chloro 0.50 
Alkane (2856), alkene (1680), 
alcohol (3309) 
17.64 6,11-hexadecadien-1-ol 2.00 
 
Sum   62.74 
 
A.4 Diffusion Modeling  
Table A.2: Diffusivity models adopted for comparison 
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D12 = B√T(VS‐VD) 
















Here, M = molecular mass of the solvent (g/mol), μ = viscosity (Kg m. s⁄ ), Vb = solvent 
molar volume at normal boiling point, kB = Boltzmann constant, 1.38 × 10
‐16 ergs/K, ro= 
Lennard-Jones radius, cm, SC = Schmidt number, SC
*  = Schmidt number at atmospheric 
pressure, VS = solvent molar volume  (cm
3 mol⁄ ), VS,0 = solvent molar volume at which 
viscous flow stops (cm3 mol⁄ ), Vc = solvent critical molar volume (cm
3 mol⁄ ) and T = 
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